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Abstract 
Antennas are an important core element of any communication system for transceiving signals in the 
form of electromagnetic radiation. Traditionally, antenna design and performance are optimised for 
fixed frequency, radiation and polarisation. However, modern electronic and wireless communication 
technologies necessitate compact and multifunctional antennas that are suitable for adapting in 
changing operating scenarios. As an alternative, reconfigurable antennas (RA), which have dynamic 
adaptability in such operating conditions, are impressive for improving system functionality and 
operational flexibility. Owing to the advantage of reconfigurability, an RA can be equivalent to 
several FPAs, thus provides compactness, minimises costs, and simplifies system integration. 
Antenna reconfiguration can be done with physical or mechanical modification, by electrical control 
by switching or tuning elements, by change of material properties, and via an optical switching 
scheme. However, due to the adopted control techniques and the antenna design process, RA 
performances often become non-uniform/inconsistent in different operating states. Besides, the use 
of multiple feeding, additional impedance matching networks, and compound controlling 
mechanisms, increases the antenna volume and control complexity. This research is focused on 
building compact size and low-profile RAs by means of simplified control mechanisms for achieving 
single- and multiple-reconfigurability functions and uniform reconfigurability performances in all 
reconfigurable states. The reconfigurable antenna concepts are developed aiming to avoid 
complicated feeding structures (external feeding and/or matching network) and lossy biasing 
arrangements (with a minimum number of active elements), as any mismatches or errors from those 
can affect the antenna performance. 
The single-function RAs are investigated for on-demand band-rejection reconfigurability, and 360˚ 
uniform beam-scanning with stable gain profiles. Due to the co-existence of several commonly used 
narrow band standards (WiMax and WLAN etc.) within the widely used ultra-wideband (UWB: 3.1-
10.6 GHz), devices running simultaneously at these bands may suffer from in-band mutual 
interferences. To address this, the flexibility of on-demand band-rejection is offered with a low-
profile, simple construct and easy to control configuration. Unlike others, this antenna has 
reversibility and works in four modes - UWB, single and dual band-rejection modes. The operating 
mechanism of the reconfigurable band-rejection techniques is explained using circuit model and 
current distribution analysis at each mode to give a clear insight into the developed concept.  
Beam-steering reconfigurable antennas are desirable for a wide range of applications, such as 
mobiles, satellite communications, remote sensing, radar etc. While uniform pattern reconfigurability 
and 360˚ beam-scanning are generally looked for, antennas that lack structural and control symmetry 
suffer from limited or non-uniform scanning. Here, structural symmetry of circular profiles has been 
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utilised that has proven effective to achieve multi-state uniform reconfigurability, reduce design 
complexity and make simplified control circuits with the least number of active components. Several 
compact, low-profile, and simple construct 360˚ beam-scanning antennas having 90˚, 60˚ and 45˚ 
scanning steps are demonstrated. The 90˚ and 45˚ scanning antennas are loaded with switchable stubs 
around a micro-circular patch, thus obtaining symmetrical beam-steerability with a stable gain of 5-
6 dBi and of 62-78% inefficiency. On the other hand,  a new technique of using a matching disc 
shorted with a circular patch is investigated on the 60˚ scanning antenna that overcome the impedance 
matching challenge of a typical centre-fed antenna. This technique enhanced the beam-steering gain 
profile while miniaturising the antenna (nearly 20%). Moreover, the antenna gain reached above 8 
dBi with 84% efficiency without using any reflector.  
The reported multi-function reconfigurable antenna concepts integrate frequency tunability and 
beam-scanning capability. An initial wideband 180˚ beam-steering antenna is improved further with 
added 24.7% frequency tuning range (TR) and nearly 360˚ azimuthal beam-scanning. Additionally, 
this antenna has a unique capability of tuning to single-, dual- and wide-band operation. Next to this, 
the dual-polarised tunable patch antenna, built with parasitic dipole-array, obtained 44.94% TR, over 
8 dBi gain and ±30° beam-steering range along the two vertical planes of φ = 0° and φ = 90°. Finally, 
a tunable travelling-wave antenna is demonstrated, featuring both frequency-dependent and fixed-
frequency beam-scanning characteristics, which has scarcely been studied so far. It achieved 28.57% 
TR, 45° total beam-scanning range and 34% to 86% efficiency across 13.42% of bandwidth.  
The performances of the reported reconfigurable antennas are predicted by full-wave electromagnetic 
simulators and validated by testing the fabricated prototypes in the measurement lab. To validate the 
concepts and design performances, they are compared with other state-of-the-art antennas proposed 
for similar purposes/applications. The demonstrated antenna concepts and the results obtained can be 
used as design considerations when building new reconfigurable antennas (or antenna arrays) for 
future communication systems at lower or higher frequency bands, given the availability of suitable 
switching/tuning components in the target operating bands. 
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Chapter 1.  Introduction 
 
1.1 Background and Motivation 
Antennas are indispensable and critical components of any wireless communication networks 
(regardless of whether they are at the transmitting or receiving end). They possess time invariant 
properties and are generally used to radiate (transmit) or receive signals in the form of electromagnetic 
(EM) waves [1]. The progress and development of the wireless communication industry in the last 
few decades have led antenna engineers to design different types of antennas for numerous target 
applications – short/long-range communication, sensing, imaging, navigation, mobile devices, 
biomedical applications etc. Based on the structure, operation principle, or feeding mechanism, 
various kinds of antennas (such as monopoles/dipoles, log periodic, patch, horn, reflector, 
lens/dielectric, and waveguide-based antennas) have been explored in the literature [2-7]. Although 
each of these antenna groups preserves some inherent merits and limitations, those characteristics 
help to decide their suitability for any particular applications.  
In these modern days, life activities are undoubtedly and increasingly dependent on and supported by 
the versatility of wireless connectivity. Most of the antennas integrated in the current communication 
systems or wireless platforms have static or fixed operation characteristics (fixed frequency, radiation 
and polarisation). However, integration of multiple fixed-performance antennas (FPAs) in one device 
for supporting different communication standards, can lead to several issues in the system, e.g. large 
system size, control complexity, reduced efficiency etc. Even though supporting multiple services 
increases the productivity and eases the communications on the one hand, incorporating several FPAs 
with individual features, and maintaining proper isolation among them (for expected performance-
level) becomes a real concern, on the other. Besides, fixed operating antennas are prone to 
interference due to lack of selectivity of signal reception. Thus, FPAs impose constraints on the 
overall performance of the transceiving system due to their fixed characteristics.  
The modern electronic and wireless communication technologies necessitate multifunctional and 
smart antennas that are capable of addressing the changes in the system requirements and of adapting 
their properties accordingly [8-10].Additionally, due to the rapid changes in the concept of wireless-
based service provided in different sectors, it is becoming challenging to offer more services without 
increasing the number of elements, system complexity and circuit size of the device. Furthermore, 
future communication trends will reshape the ways of connectivity and introduce new technologies 
to meet huge data requirements, high-speed connectivity, seamless communications and data 
services. Considering the demands of current and future wireless systems, it is of great interest to 
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conceptualise and build antennas with flexible and controllable properties. Towards this, 
development of antennas with reconfigurable characteristics (frequency, radiation and polarisation) 
becomes an effective and potential solution due to their dynamic ability to adapt to the changing 
scenarios [11, 12]. They can play a significant role in overcoming the above-mentioned limitations 
incurred by multiple single-functional or fixed operating antennas, offer added functionality and 
improve the efficiency of the system.  
With advancing design practices, some interesting concepts of antenna reconfigurability have been 
explored in diverse ways – individual feeding to different elements, partial or full physical 
movements, adding reconfigurable feeding network and impedance matching circuits etc. being a few 
among the many. Because of antennas’ mechanical movements, external feeding/matching circuits 
and additional controlling mechanisms, antenna performances are greatly influenced and 
compactness is also compromised. Additionally, reconfiguring antenna performances by controllable 
microwave circuits requires proper integration and matching between them. From this perspective, a 
stand-alone reconfigurable antenna, which is independent of any external and complicated feed 
systems, is most beneficial and realistic. It has immense potential and gives more flexibility for use 
as a single or array element, and its operation becomes independent of the feeding network. However, 
the target to achieve consistent reconfigurability is impeded when the antenna is complex-structured 
and requires control circuitry with a large number of elements. This eventually increases the antenna 
size and profile, and devaluates the usefulness of the reconfigurable features. 
Therefore, development of novel ideas and design approaches aiming to achieve multi-functional and 
high-performance reconfigurable antennas are at the focal point of current research. Reduced design 
complexity improves the system-level integrity, eases the control on antenna operation and lowers 
the losses. With these objectives, this thesis is mainly focused on developing several new, easy to 
control, compact-size and low-profile reconfigurable antennas (for single- and multiple-
reconfigurability operations) with simplified reconfiguration mechanisms and consistent 
reconfigurability performances. 
1.2 Overview of the Reconfigurable Antenna Systems 
The IEEE Standard Definitions of Antenna Terms released in 2014 [1] defines a ‘reconfigurable 
antenna’ as an antenna that is ‘capable of changing its performance characteristics (resonant 
frequency, radiation pattern, polarisation, etc.) by mechanically or electrically changing its 
architecture’. The reconfiguration scheme usually interacts with the antenna fundamental operation 
mechanism and controls the surface current or electric field distribution of the antenna to produce 
reversible output characteristics from the antenna [11, 13]. Thus, the antenna configurations that do 
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not have integrated reconfiguration mechanism but are controlled by external reconfiguration circuits 
and/or feeding/matching networks, are justifiably falling outside the ‘reconfigurable antenna’ family. 
For instance, the performances of a phased array antenna are basically controlled by external phase-
shifters that are controlled from the outside, while the basic operation of the antenna remains same. 
1.2.1 Types of Antenna Reconfigurability 
Reconfigurability of an antenna is generally described as the ability to purposely change its 
fundamental properties. By definition, three basic characteristics of an antenna are important to 
control performance. Depending on the property that is intentionally reconfigured or tuned, the 
reconfigurability of antennas can be categorised into four groups, as shown in Figure 1.1. 
 
Figure 1.1: Representation of different types of reconfigurability provided by reconfigurable 
antennas, (a) frequency reconfigurability, (b) pattern reconfigurability and (c) polarisation 
reconfigurability (Polarisation type: linear - LP, circular - CP). 
1.2.1.1 Frequency Reconfigurability 
The operation frequency is the most important property of any antenna. A radiating structure that 
possesses the capability of changing its operating frequency (or band-notch frequency) within a 
frequency tuning range is named as a frequency reconfigurable antenna. Figure 1.1(a) depicts a 
conceptual presentation of tuning the operating frequency of an antenna.  
Generally, frequency reconfigurability is realised by physical or electrical modification of the antenna 
resonant length by means of impedance loading, switching or material property tuning. Because of 
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the dynamic frequency regulating behaviour, this type of antenna exhibits the interesting feature of 
frequency selectivity and is useful for interference filtering. Thus, the frequency reconfigurable 
antennas have potential to become promising, cost-effective and efficient alternatives to multiple 
FPAs in different scenarios (as currently used in a single device), where several single-band antennas 
are used separately or a single wideband antenna is used to cover individual operation of multiple 
bands. 
1.2.1.2 Pattern Reconfigurability 
Pattern reconfigurability is another useful characteristic of a reconfigurable antenna. An antenna that 
is capable of producing changeable radiation characteristics is called a pattern reconfigurable antenna. 
Changes in radiation patterns can be noted in terms of their shape, beam direction and gain level in 
any direction. Figure 1.1(b) depicts a conceptual presentation of the pattern reconfigurability of an 
antenna. 
To realise pattern reconfigurability from an antenna, the spherical distribution of its radiation (i.e. 
spatial far-field radiation) is deliberately modified by adapting movable structures, reactive-loading 
and switchable parasitic elements. Generally, pattern reconfigurable antennas are used for beam-
steering and null scanning for interference mitigation. By steering the maximum radiation, antenna 
gain can be maximised in the target direction and maintain a reliable connection/link with mobile 
devices. 
1.2.1.3 Polarisation Reconfigurability 
Antennas usually radiate in a polarisation mode pre-defined by the orientation of their electric-field 
in the propagation direction. An antenna with the ability to switch between different polarisation 
modes is categorised as a polarisation reconfigurable antenna. This type of antenna can switch its 
polarisation mode from horizontal to vertical, linear to circular or left-hand to right-hand circular 
polarisation etc. Figure 1.1(c) illustrates the concept of polarisation reconfigurability. 
Polarisation reconfigurability can be achieved by controlled transformations of the antenna 
configuration, feed arrangement, and/or by changing the material property. Polarisation 
reconfiguration helps to minimise polarisation miss-match loss, provide immunity from interference 
signal, and ensure strong signal reception for portable devices. 
1.2.1.4 Compound Reconfigurability 
The final group of RAs is compound reconfigurable antennas, which are capable of exhibiting 
multiple reconfigurability with the same antenna structure by different control means. Compound 
reconfigurable antennas can have the ability to change their operating frequency and polarisation, or 
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to scan the radiation beam and tune the resonant frequency. It is challenging to control any of the 
characteristics of an antenna (resonance, radiation, and polarisation) separately without minimal 
disturbance on the others; however, achieving control of multiple parameters makes the antenna more 
useful and effective in a varying operating environment [11, 14, 15]. For instance, compound 
reconfigurability is a feasible alternative for reducing complexity of the diversity techniques that are 
used in a communication system. Careful design strategies are required to obtain multiple 
reconfigurability functions in a single antenna configuration so that they do not hinder each other 
during the antenna operation. 
1.2.2 Applications and Advantages of Reconfigurable Antennas 
Reconfigurable antennas are applicable to numerous scenarios as they are more advantageous than 
fixed performance antennas. Broadly speaking, there are two general ways of applying them: as single 
reconfigurable elements and according to their array configuration. For portable and compact devices 
such as mobile phones, tablets, laptops, wearables, home-appliances etc., single reconfigurable 
antenna elements can serve the purposes of multiple static antennas for diversity reception. On the 
other hand, static antenna elements in classical arrays can be substituted with reconfigurable elements 
which will overcome the limitations of current techniques and give more freedom to control and 
synthesise the dynamic capability of the array concept. Implementing reconfigurable antenna 
concepts is a low-complexity, economical, space saving and power saving solution for current and 
future wireless systems [11, 12, 14-17]. A brief overview of the prospective applications and benefits 
of using reconfigurable antennas is provided here. 
1.2.2.1 Applications of Reconfigurable Antennas 
1.2.2.1.1 Frequency Reconfigurable Antennas 
As modern wireless devices must be compatible with multi-radio platforms for accessing multiple 
wireless services, they are equipped with several single-band or multiband antennas [18-22]. In the 
current situation, multiple fixed performance antennas are integrated in a single device for supporting 
several communication protocols [23]. Figure 1.2(a) shows some example cases where a separate 
radio and antenna are assigned for each protocol and thus occupy a huge portion of the limited space 
within a portable device. Frequency reconfigurable antennas are very suitable in this case and others 
like it as a single antenna is sufficient to substitute multiple single-function antennas and meet several 
requirements [24-26]. Beside this, they are also useful for replacing the traditional wideband antenna 
of a multi-channel communication system which generally requires a wideband antenna to cover all 
the frequency channels. Thus, the use of a frequency reconfigurable antenna would be a very smart 
and practical approach, as it would reduce the system size substantially and ensure portability and 
compactness, which are important requirements for any wireless devices. 
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Figure 1.2: Applications of frequency reconfigurable antennas: (a) replacement of multiple antennas 
used in portable devices, image courtesy of [23, 27], © 2012 ACM, USA, (b) interference rejection 
by reconfigurable band-filtering and (c) in cognitive radio platforms for better spectrum utilisation; 
spectrum plot collected from [28]. 
Frequency reconfigurable antennas can also be used for interference rejection, as shown in Figure 
1.2(b). By creating intentional band-notches or filtering out the interfering band from the frequency 
(a) 
(b) 
 
(c) 
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responses of the antenna, interference from the signal band can be eliminated. This is applicable to 
wideband applications where several communication bands are overlapped and require filtering to 
avoid congestion [29-31]. This technique eliminates the necessity of additional filters that are used in 
the different stages of a communication system [32, 33]. 
Most importantly, frequency reconfigurable antenna can be a vital part of another notable research 
concept, introduced a few years back as cognitive radio (CR) systems [34, 35]. Based on the current 
spectrum allocation, usage, and the available (white spaces) channels’ behaviour, the CR transceivers 
decide on the spectrum allocation and change the frequency channel to operate within a free or unused 
band, and thereby run concurrent communications and improve radio operating performances. As 
illustrated in Figure 1.2(c), frequency reconfigurable antenna can tune the frequency band as required 
by the system. Here, the CR system greatly benefits from the frequency tunability function of the 
antenna across its operating band [34, 36]. 
1.2.2.1.2 Pattern Reconfigurable Antennas 
As indicated above, the pattern reconfigurable antennas fall into the second RA category, which is 
capable of regulating its radiation characteristics. With this ability, the radiation pattern 
reconfigurable antennas have a great potential to meet the ever-evolving requirements of many 
wireless applications such as cellular and satellite communications, radar systems, vehicle-to-vehicle 
communication, tracking and remote sensing, on-the-move communication etc. [37, 38]. The most 
attractive features of pattern reconfigurable antennas are scanning the main beam or a null spot 
towards the desired direction [39, 40]. Beam-scanning (or beam-steering) antennas produce high gain 
radiation in the target direction, which is constructive in maintaining a strong and stable line-of-sight 
(LOS) communication link between portable and moving wireless devices. Figure 1.3(a) shows an 
application scenario of beam-steering antennas to communicate with portable devices. This 
characteristic can provide  wide coverage and increase data transmission rates [8]. On the other hand, 
benefits of null-scanning can be availed to avoid incoming interferences by directing the null position 
towards the unwanted direction, as illustrated in Figure 1.3(b) [41]. Moreover, jointly, these two 
features can be efficient for suppressing in-band interferences, which are very difficult to filter out 
by the classical methods used for out of band interferences [42]. Utilising time difference between 
the direction of arrival (DOA) of interferences and the target signals, the antenna can avoid the 
interferences by rotating the radiation pattern such that the maximum gain is directed towards the 
incoming signal direction, while a null is positioned towards the direction of interference. 
An application scenario comprised of the outdoor networking of moving vehicles with satellite and 
terrestrial links, is depicted in Figure 1.3(c) [43]. By mounting reconfigurable antennas on the 
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vehicles’ roofs and utilising their beam scanning function (single or multiple directive beams by an 
array), the vehicles would be able to maintain an uninterrupted communication link with one another, 
even while on the move. The high-directive beams would enable high signal-to-noise ratio (SNR), 
and increase efficiency. 
This concept is similarly applicable to portable devices in short-range or indoor environments (Figure 
1.3(a)). Another promising application for pattern reconfigurability is adaptive MIMO (multiple-
input-multiple-output), where the fixed-performance antennas of typical MIMO systems are replaced 
with pattern-reconfigurable antennas [42, 44, 45]. Such a scenario is roughly portrayed in Figure 
1.3(d). The spatial diversity in the MIMO environment combined with the pattern diversity of 
antennas, gives another degree of freedom to minimise the spatial correlation of the signals, and 
accordingly, the link capacity is maximised [46-49]. 
 
Figure 1.3: Application scenarios of pattern reconfigurable antennas: (a) beam-scanning (b) null 
scanning, 3D patterns from [41], © 2013 IEEE, (c) outdoor networking scenario for improved 
connectivity originally adopted from [43], © 2017 IEEE, and (d) adaptive MIMO systems with beam-
steering antennas. 
Signal 
Interference rejection 
Signal 
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Concerning the health-hazard posed by radiating devices on the user, the pattern reconfigurable 
antenna has another interesting application in the way it allows for developing less hazardous 
microwave devices. Personal communication devices are increasingly used nowadays; because of the 
resultant excess numbers of exposures, there are increased possibilities of health impact on the 
individual from the radiation of the devices. The implementation of a pattern reconfigurability 
function could be suitable for reducing the specific absorption rate (SAR) in portable devices. The 
level of SAR can be restricted by utilising pattern reconfiguration techniques and redirecting the 
radiation of the devices away from the user’s body.  
1.2.2.1.3 Polarisation Reconfigurable Antennas 
The third category of RA is the polarisation reconfigurable antenna, which is a very promising 
concept for reducing signal losses due to the polarisation mismatch between transmitting and 
receiving devices. As the orientation of mobile devices changes with their movement, the signal 
transmission deteriorates when if the polarisation sense of communicating devices are mismatched. 
 
Figure 1.4: Application scenarios of polarisation reconfigurable antennas: (a) wireless sensor network 
[50], © 2017 IEEE, and (b) body-centric RF-telemetry link [51], © 2017 IEEE. 
 
In the case of linearly polarised systems, where LOS path is important for signal reception, 
polarisation reconfigurable antenna is the ideal choice [52, 53]. Polarisation reconfigurable antennas 
suppress fading losses due to multipath effects. In addition, reconfigurable antennas capable of 
switching between two orthogonal-polarisation modes, can be exploited to capture or receive a dual-
transmission channel suitable for frequency reuse. Under the non-LOS conditions, the 
communication channels experience low correlation between two orthogonal-polarisations where 
polarisation reconfigurability can become useful as a diversity scheme. 
(a) (b) 
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An example of a wireless sensor network system is portrayed in Figure 1.4(a), where one receiving 
antenna is surrounded by several wireless sensors in an indoor environment [50]. If the receiving 
antenna is single polarised and some random polarised signals are transmitted from a sensor incident 
on it, polarisation-mismatch will happen. Another application diagram of radio-linked telemetry in a 
body-centric communication system is presented in [51], as depicted in Figure 1.4(b). The on-body 
and implantable devices communicate with the external antenna, where there is an obvious chance of 
polarisation mismatch due to the random positioning of the transmitters and the complexity of 
environment. In these cases, mismatch losses can be easily avoided, and the wireless link quality is 
improved by using a polarisation reconfigurable antenna (dual- or multi-polarised) at the receivers’ 
end. 
Polarisation reconfiguration can be exploited in satellite and radar applications, mobile earth stations, 
ground systems for satellite monitoring and tracking etc. [54, 55]. Besides, polarisation 
reconfigurable antennas are attractive and offer polarisation diversity in MIMO systems, thus 
enhancing the performance and link capacity of the systems in a similar way as could have been done 
by the pattern reconfigurable antennas [56]. 
1.2.2.1.4 Compound Reconfigurable Antennas 
In a number of situations, compound reconfigurable antennas incorporating certain combinations of 
reconfigurable attributes are of special interest because of their performance and operational 
flexibility. For example, combining frequency and pattern reconfigurability together, the spectral 
efficiency of a system can be enhanced. Compound reconfigurability would simultaneously shift the 
frequency to a less congested area in the spectrum while steering the beam in different directions [11, 
57]. In this way, interference reduction due to frequency selectivity and improvement of link-budget 
due to high-directive beams are simultaneously achieved. The interference-suppression can be 
enhanced further - the out of band interference-filtering by frequency reconfigurability; and the in-
band interference-rejection by pattern reconfigurability of the antenna. This approach provides a 
higher signal-to-interference ratio (SIR) and robust interference-rejection capability [58]. In the 
adaptive MIMO systems, the freedom of pattern diversity and polarisation diversity can be explored 
together. These diversity configurations can improve the system capacity by allowing a switch 
between available pattern and polarisation configurations [15, 48]. Another prospective field of 
interest is the application of compound reconfigurability function in personal communication devices, 
the advantages of which would be to reduce impacts on users’ bodies (SAR) and saving the battery 
life of devices by redirecting the radiation and changing frequency to the right band. From a technical 
point of view, these antennas have very good potential. Owing to their multi-reconfigurability, they 
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can be less-complex and they are easy to integrate–which means that they can be of great use in many 
impending novel applications. 
1.2.2.2 Advantages of Employing Reconfigurable Antennas 
From the application perspective, it is quite understandable that reconfigurable antennas stand out as 
an excellent approach for wireless applications. They are clearly advantageous over the static type 
antennas (FPAs) because of their dynamic capability, flexibility and contribution to enhancing system 
performances [11, 12, 15, 59]. Some gainful aspects of employing reconfigurable antennas are: 
1) Integrated multi-functionality and adaptability: a) change of the antenna functionality as the 
system requires it; b) function as a single element or an array of multiple elements; c) compact and 
low-profile; d) suitable for narrow band and wideband reconfigurable operation. 
2) Ability to support multiple wireless protocols: a) cost-effective and space-economical; b) better 
selectivity; and d) improved isolation between different protocols. 
3) Reduced complexity and circuit-level losses: a) single RA element replaces multiple static-function 
antennas (FPAs); b) reduced number of antenna; c) simplified associated feed-circuitry and ease of 
control; and d) easy and simple integration. 
4) Improvement of system performances: a) robust interference-rejection capability; b) increased 
speed and data capacity; c) enhanced communication link efficiency; and d) energy-efficient. 
5) Little front-end processing required: a) simplified and integrated interference-suppression 
techniques; and b) front-end filtering process can be reduced. 
6) Potential for software-defined radio (SDR) systems: a) flexibility to learn from and adapt in a 
changing scenario; b) automated control by software intelligence via a controller unit. 
1.3 Aim of the Thesis 
The current research on reconfigurable antennas has revealed numerous drawbacks in existing RA 
designs. Many RA concepts depend on utilising multiple feeding or extended feed networks with 
radiating elements; and some designs incorporate impedance matching networks to realise 
reconfigurability functions. Due to such additional external circuitry, the antennas become physically 
large and face some inevitable losses in the external feed circuits. The other concerns that degrade 
the RA functionality include: limited reconfigurability range; asymmetrical beam-steering; and non-
uniform reconfigurable performances in different states. With respect to these, some well-thought 
concepts have recently been reported; however, they appear to suffer from high-profiles, 
comparatively low-gain and/or they have some complex reconfigurability mechanisms. 
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In this context, several possibilities for research on reconfigurable antennas are identified, such as 
designing wideband RA, 360° beam-steering antenna with uniform reconfigurability, RAs with 
integrated multiple reconfigurability functions and high gain beam-steering capability. Considering 
the usefulness, extensive demand for and the drawbacks of existing reconfigurable antennas, this 
thesis focuses on developing some new concepts and designs to address different limiting aspects of 
reconfigurable antennas. The following approaches are employed to accomplish the objectives of this 
project: 
1) Identifying the methods and technologies of reconfigurability, scope and limitations of current 
approaches to generate new concepts and realise better reconfigurable antenna designs. 
2) Basing designs on structural simplicity and ease of control: Reconfigurable antenna design 
with simple structure and an easy control circuit (containing few electronic components), 
without any additional feeding network and impedance matching circuits to reduce the circuit-
level losses. Regardless of the feeding network, when the antenna itself is reconfigurable and 
easily controllable, it offers more flexibility even when customised as an array element. 
3) Designing of wideband reconfigurable antenna: Design of planar, compact frequency band-
rejection RA for wideband/ultra-wideband applications. A wideband antenna covers several 
other wireless protocols within its band, so there is a great chance of mutual-interference when 
devices at those bands operate simultaneously. Adding a reconfigurable band-rejection 
function is targeted at obtaining operational flexibility to cover all the possible modes of 
operation and to avoid such colliding situations. 
4) Developing a low-profile 360˚ beam-scanning antenna: This involves development of low-
profile RAs for 360° symmetric beam-steering with uniform reconfigurability. It is intended 
to design antennas with 360° beam-steering capability with different scanning steps and 
techniques to enhance gain/directivity of such antennas. 
5) Integrating multiple reconfigurability functions: This involves development of RAs with 
integrated multiple reconfigurability functions and improvement of antenna gain for beam-
scanning. It is aimed to combine reconfigurable functions such as frequency tuning and beam-
scanning to achieve more functionality out of a single structure, which would be useful for 
diversity applications. 
6) Realising narrow-beam scanning frequency tunable antenna: The final target is to realise 
multiple reconfigurability functions in an array configuration using a simple, low-loss feeding 
network and tunable radiating elements, which has not been widely investigated due to design 
complexity and associated losses in the structure. It is planned to develop an integrated tunable 
design with multi-functionality such as narrow-beam scanning and frequency-scanning. 
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1.4 Original Contributions 
To attain the objectives of this thesis, several concepts have been developed and the designs are 
validated accordingly. Some of the research contributions of this study are briefly discussed below. 
Frequency band-rejection wideband reconfigurable antenna: The operation of wideband wireless 
systems (UWB applications) is prone to being affected by electromagnetic interference from other 
narrow-band standards (WiMax, WLAN etc.) when several devices run simultaneously at these 
overlapped bands. In this situation, when implementing the band-rejection capability in UWB 
systems, a reconfigurable or on-demand rejection technique is more appropriate and gainful than the 
widely proposed permanent or fixed rejection schemes. Towards this, a planar, simple construct and 
easy to control reconfigurable antenna with on-demand single and dual band-rejection capability, and 
full UWB operation, is presented in Chapter 3. The on-demand individual and simultaneous band-
rejection are implemented through a combination of arc-slot and L-stubs, and by controlling them 
through a low-power and an easy control technique based on three PIN diodes only. To give better 
insight, the band-rejection functions are explained from the equivalent circuit-models and surface 
current distributions at each mode. Compared to other similar recent antennas, this compact antenna 
is found to have a multi-mode operation, and to be successful at rejecting WiMax/WLAN bands 
individually and simultaneously, while also being reversible to full UWB mode without using any 
complex control arrangements. Therefore, this band-rejection reconfigurable antenna has potential 
for high-performance UWB systems in WiMax/WLAN dense environments, with the aim to avoid 
mutual-interference, improve signal quality, system capacity and communication link efficiency. 
Compact 360˚ beam-scanning antennas: The next chapter (Chapter 4) emphasises the design of 
comparatively low-profile and compact 360˚ beam-steerable antennas without any external feeding 
and/or matching network that can maintain uniformity in reconfigurable performances. In this part of 
research, the structural symmetry of circular configurations is utilised to reduce design complexity 
and ease the process of building control circuits with fewer components. The first two designs are 
loaded with different numbers of switchable stubs around a micro-circular patch for scanning the full 
360˚ in the upper hemisphere at 90° and 45° scanning steps, respectively. This concept provides the 
basis for designing multi-state beam-steerable RAs and further improving their gain profiles. 
The third antenna concept is developed to overcome the typical low-gain radiation characteristics of 
compact pattern reconfigurable antennas. This design incorporates via-grounding technique with a 
circular patch that is surrounded by a combination of edge-grounded sector-patches and arc-strips. 
This combination is effective in producing highly directive steerable radiation beams. Moreover, the 
impedance matching problem of a typical centre-fed circular antenna is resolved by applying a new 
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technique – backing the radiator patch with a matching patch and surrounding it with a shorting-post 
array. In fact, this technique contributes greatly in antenna miniaturisation (nearly 20%). Unlike other 
RA designs published recently, this antenna offers a compact package of 360˚ beam-steering while 
maintaining a high gain-profile without any control complexity and additional reflecting structure. 
All these three designs are compared with other coexisting design concepts and the contributions are 
specified in terms of different performance parameters. 
Antennas with integrated multiple reconfigurability functions: Integration of multiple 
reconfigurability functions in a single antenna is significantly advantageous and opens the door for a 
wide range of capability. In order to add more functionality to RAs, two antenna concepts are 
developed in this research (Chapter 5), where each antenna is capable of tuning multiple antenna 
properties (frequency tunability and pattern reconfigurability) together. The first concept partly 
adopts the Yagi-Uda antenna principle, and a novel design is developed by combining wideband 
radial radiators over a partial ground with two coplanar narrow strips, which are controlled by a diode-
based electronic reconfiguration mechanism. The tunable properties are explored by tuning the 
impedance characteristics at the feed point of the radiators (frequency tuning) and changing the 
impedance at the connection point between the strips and ground plane (for beam-steering). This low-
profile, compact, low-cost and single-layer design of a compound reconfigurable antenna, involves a 
very simplified reconfiguration technique to obtain a wide tuning range (25.4%) and beam-scanning 
range nearly 360° in the azimuthal plane. 
The second design is comprised of a tunable patch antenna and a group of tunable parasitic dipoles 
on two different layers which are individually operated to tune the frequency of operation and the 
direction of high-gain radiation beams. With an easy and independent tuning method, this antenna 
achieves a very wide tuning range (50.6%) and a beam-scanning range of ±30° in the two principal 
planes (φ = 0° and 90°). The high gain radiation characteristics are achieved by the coupling between 
parasitic dipoles and the radiating edges of the patch antenna, which enhances the boresight gain 
while also controlling the beam-steerability of the antenna. Besides this, this antenna supports two 
independent polarisation schemes and produces radiation with 0°- and 90°-polarisations. Finally, to 
indicate the remarkable features of the developed antenna configurations, their performances are 
evaluated against some of the existing compound reconfigurable antennas. 
Narrow beam-scanning frequency tunable antenna: The final contribution of this research is the 
development of a narrow beam-scanning antenna with multiple reconfigurability functions, as 
detailed in Chapter 6. This antenna is designed on the concept of a tunable travelling-wave antenna 
and is comprised of several elements – a proximity-coupled microstrip feeding line, and series-fed 
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circular patches with low loss phase-shifters inserted between adjacent patch elements. The patch and 
the phase-shifters are individually tunable. Conceptually, the antenna is developed by utilising the 
leakage energy from the wave-guiding micrsotrip line to couple with the array of radiating patches 
and by controlling the progressive phase-shift between adjacent patch-elements. The important 
criteria in the series-fed array is impedance matching of the patch elements and the phase-shifters 
with the feeding line, which is obtained across a wide frequency range. This ensures the multi-
functional characteristics of the series-fed antenna in a wide frequency band. While most of the 
available antennas in the literature were designed focusing on beam-steering by phase tuning, this 
single-layer antenna design is focused on reconfiguring two properties within a single structure. 
Furthermore, the design concept can be easily applied to meet requirements of many other scenarios 
where high gain narrow beam-steering is required at multiple frequencies or multiple bands.  
1.5 Thesis Organisation 
The research work discussed in this thesis is organised into seven chapters as follows:  
Chapter 1 presents a brief introduction to the background and motivation for the current research on 
reconfigurable antennas. A brief overview, including types of reconfiguration, their current 
applications and potential for future wireless systems, is given and the advantages of implementing 
reconfigurable antennas are discussed. The aims and contributions of this research are also 
highlighted. 
Chapter 2 reviews the current research and historical trends on developing different types of 
reconfigurable antennas and the associated design techniques that are successively improvised. From 
mechanical to electronic reconfiguration methods, including some material changes that contributed 
significantly for achieving antenna reconfigurability, are investigated in detail. This chapter ends by 
addressing the limitations of the existing research, and the challenges and problems arising in the 
designing of reconfigurable antennas. 
Chapter 3 demonstrates the design and development process of a frequency band-rejection 
reconfigurable antenna for ultra-wideband (UWB) applications. The design procedures, operation 
principle and circuit-based analysis are discussed. This antenna is capable of working in normal UWB 
mode, and in on-demand single- or dual band-rejection modes, as controlled by the integrated PIN 
diodes on the antenna surface. The simulated results are validated by measurement of a manufactured 
model in the antenna testing lab. Performances of this antenna are compared with those of other 
similar antennas and a summary is given at the end of the chapter. 
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Chapter 4 discusses three compact pattern reconfigurable antennas (PRA) that are designed for 360° 
beam steering operation. Firstly, a stub-loaded circular antenna concept is presented. This antenna 
can steer the main radiation beam at a 90° angular step in four different directions as per the switching 
conditions provided. The second antenna is an improved design to realise a 45° scanning step with 
four additional reconfigurable states. The concepts, design and test results are presented and 
compared with those of other similar works for demonstrating the superior features of the developed 
antennas. Finally, a high gain circular antenna is developed that gives more gain than the previous 
two designs. It can steer the radition beam at a 60° step with better gain profiles and performance 
stability. A study of the main design considerations is demonstrated. The antenna features are 
compared with recent similar reconfigurable antennas and then the chapter ends with an overall 
summary. 
Chapter 5 deals with integrated multiple reconfigurability functions and the design and development 
of  two such antennas are presented there. Two types of reconfigurability - frequency tunability and 
beam-steering characteristics are realised in one antenna model. The first design can tune narrow 
frequency bands while interestingly, it can also perform as a wideband antenna. Besides, it has a 
pattern reconfigurable feature too. The second design is a varactor-loaded tunable patch antenna 
which is optimised for high gain reconfigurable features. 
Chapter 6 presents a tunable travelling wave antenna comprised of an array of series-fed circular 
patches and a series of tunable phase-shifters which are arranged in a linear array fashion. This 
antenna is designed according to the leaky-wave antenna concept and it has compound 
reconfigurability, including frequency tunability and fixed frequency beam scanning characteristics. 
The series of tunable phase-shifters tunes the input phase at each element of the stucture, thus adding 
more flexibility for selection of any frequency within the tuning range and to steer the radiation beam 
in a particular range. The design and development process, tuning methods and performance results, 
are presented in detail. 
Chapter 7 concludes the whole thesis with some recommendations for future research directions on 
reconfigurable antennas. 
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Chapter 2.  Literature Review of Reconfigurable Antenna and Design 
Techniques 
 
2.1 Introduction 
This chapter gives a brief historical introduction to the reconfigurable antenna and associated types 
of antenna reconfiguration. Besides discussing different aspects of reconfigurable antennas, an 
overview of the techniques and technologies utilised for antenna reconfiguration is also presented. A 
thorough review of state-of-the-art reconfigurable antennas, their design and realisation limitations is 
given for exploring new dimensions and research scope in this field. 
2.2 Brief History of Reconfigurable Antennas 
The idea of reconfigurable antennas has been developed over the last few decades and in the recent 
couple of years, it has received fascinating and increasing interest from the wireless research 
community. In the mid-1930s and towards the early 1940s, several antennas with controllable 
characteristics were developed for changing frequency of operation or for beam-scanning purposes. 
However, the shape of those antennas and their performances were controlled by external means. 
 
Figure 2.1: (a) Beam-steerable rhombic-wire antenna [60], © 1935 IEEE; and (b) electromechanically 
scannable trough waveguide antenna [61], © 1960 IEEE. 
Mechanical Scanning Mechanism 
Scannable Waveguide Antenna 
(a) 
(b) 
Counterweight 
Controlling Unit 
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In the example shown in Figure 2.1(a), the shape and interior angles of the rhombic-wire antenna 
presented in [60] were changed by a motor and counter-weights; thus, it steered the beam in the 
elevation plane [12]. In 1960, Rotman and Maestri reported one of the first few reconfigurable 
antennas that was realised by  direct interaction between the reconfiguration and the radiation 
mechanisms [61]. As shown in Figure 2.1(b) above, this antenna is basically a radiating waveguide 
whose leaky-modes were tuned electromechanically (mechanical movement by electric motor) to 
produce multiple scanning beams. On the other hand, the first patented reconfigurable antenna was 
claimed by Schaubert in 1983 [62], which demonstrates the concept of frequency agility and 
polarisation reconfigurability. Even though most of the early stage designs involved bulky mechanical 
controls and limited functions, these pioneering works paved the way of furthering research and 
development on numerous reconfigurable antenna concepts. Inspired by the early RA concepts, 
researchers continued their investigations on this kind of controllable antenna and dealing with the 
implementation aspects for different practical applications.  
 
Figure 2.2: Motor controlled reconfigurable antennas: (a) rollable antenna [63], © 2007 IEEE; (b) 
rotatable antenna [64], © 2011 IEEE. 
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In the 1990s, the deployment of cellular communication networks, rapid growth of wireless devices 
and fast expansion of cellular-based services, introduced a new era of personal communication 
systems. In that scenario, portability and compactness of wireless devices became priority 
requirements, unlike in the traditional broadcasting and communication systems. Besides, in the 
following years, many other wireless standards (e.g. WiMax, WLAN, Bluetooth, GPS, UMTS) came 
into play to meet diverse communication needs [18, 19, 21, 22, 65-67]. To be compatible with 
different standards while maintaining a smooth service, a single wireless device must be 
multifunctional and superior in providing performance such as high data transmission rates, wide 
coverage and more reliability. Arranging multiple fixed-performance antennas (FPA) for meeting 
individual requirements, is obviously a great challenge for any portable or compact communication 
systems. Meeting these necessities stimulated antenna research and pushed designers towards 
developing antennas with adaptable characteristics (i.e. RAs) that fitted the wireless devices suitable 
for modern-day mobile/satellite systems. 
In the 2000s and following years, an accelerated trend was observed in the development of 
reconfigurable antennas based on different concepts for frequency tuning, beam-steering, and 
polarisation switching applications [11, 12]. The number of technical and research publications on 
reconfigurable antennas increased drastically in this period and are still showing a positive trend. The 
recent progress in wireless technologies and multidimensional electronic devices has added extra pace 
to this research direction that aims to develop reconfigurable antennas with more controllable features 
and compact profiles. There were some interesting designs with physical reconfiguration methods 
reported in the last few years. Figure 2.2 presents some of sample reconfigurable antennas realised 
by maneuvering their physical structures via control motors. The first one in Figure 2.2(a) is called a 
rollable ultra-wideband (UWB) antenna, where the reconfigurability performance is a function of the 
tightness of the winding around a spindle placed at the centre. The spindle can be controlled by a 
motor from outside and the other end of the antenna is connected to a fixed feeding source. The 
second example, shown in Figure 2.2(b), works based on the rotation angle of the rotating disc that 
contains several antennas suitable for different frequency bands. When the stepper motor rotates the 
disc at a particular angle, any individual element that comes in contact with the feed, will radiate. 
However, the fixed antenna on the left (in Figure 2.2(b)) is used for sensing UWB signals. 
As mechanical reconfiguration is not always viable and is bulky in nature, electronic control devices 
become attractive and are incorporated in most cases nowadays, while changes in material properties 
are also attempted in many other designs [68-70]. The microstrip technology has greatly favored the 
situation, as printed antennas are very easy to integrate with any switching or tuning elements; thus 
many innovative and novel ideas have been simply explored. Many basic types of antennas such as 
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monopole, dipole, patch, Yagi-Uda etc. have been studied in the current and last decades [71-77]. 
However, it is still a big challenge to realise multi-state reconfigurable antennas while ensuring 
consistent/uniform performances in all operating states. Moreover, losses introduced by the adopted 
reconfiguration mechanism pose another challenge in maintaining high gain and undistorted radiation 
characteristics. More details on the recent technologies, techniques and concurrent design strategies 
are discussed in the subsequent sections.  
2.3 Design Technologies for Reconfigurable Antennas 
There are a number of technologies that have been adopted with fixed performance type antennas for 
realising reconfigurable performances. As a general concern, the interaction between the radiating 
part and employed reconfiguration mechanism, is very crucial for achieving good impedance 
matching and desired radiation characteristics in reconfigurable operation modes. Being a radiating 
structure and able to conveniently regulate its operating conditions, a reconfigurable antenna must 
contain an element with controllable attributes. This element plays very crucial roles in controlling 
the surface current distribution, impedance matching and radiation characteristics; thus it must be 
carefully selected and applied to the antenna structure.  
2.3.1 Physical Modification or Mechanical Techniques 
Physical modification, or mechanical adjustment, is the most classical and basic approach to antenna 
reconfiguration and was implemented in many designs in the early days. Many innovative concepts 
were realised using a number of actuation techniques in the forms of mechanical and 
electrical/electrostatic actuation [63, 78]. The actuations were used in versatile ways to control an 
antenna’s position, alignment of different radiating parts, movement of physical structure etc., which 
resulted in regulatable antenna properties. For example, devices like stepper motors, linear 
mechanical actuators etc. have been successfully utilised for reconfiguring antenna characteristics by 
physical movement of the structure [11, 64, 79], (partially and fully). As illustrated in the previous 
section, the motor controlled rollable [63], and rotatable [64] antennas are two such interesting 
concepts. Similarly, electrostatic and magnetic actuator-based reconfigurable antennas also 
demonstrated satisfactory reconfigurable performances in [80-82]. Figure 2.3(a) presents a frequency 
reconfigurable antenna where the distance between the main and parasitic radiators was regulated by 
a piezoelectric actuator to reconfigure the antenna operating frequency [78]. Figure 2.3(b) shows 
another frequency reconfigurable antenna, where variation of antenna inclination angle is the main 
governing parameter and it was controlled magnetically to change the operating frequency [80]. 
Similarly, the ring-patch antenna build with a height adjustable parasitic plate (see Figure 2.3(c)) 
designed in [83], can reconfigure antenna radiation patterns with respect to the plate height, which 
was varied by radial expansion of a dielectric actuator called ‘HDEA’ [15]. Beside these, physical 
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deformation by means of liquid metals was also investigated as an alternative to achieving antenna 
reconfigurability such as in the foldable and stretchable antenna in [84] and the metal parasitic beam-
steering antenna in [68]. 
 
Figure 2.3: Some examples of physically modified antenna configuration, using (a) piezoelectric 
actuator [78], © 2001 IEEE; (b) magnetic actuator [80], © 2003 IEEE; and (c) electromechanical 
reconfigurable system [83], © IET 2011. 
 
While physical modification or mechanical reconfiguration technology has been successfully 
implemented in many designs, they face some obvious shortcomings such as slow response time in 
the reconfiguration process, bulkiness, limited by and/or dependent on the antenna/system’s physical 
structure, and less life-cycle due to wear-and-tear fatigue in the moving parts. Despite these, this 
technology is very well suited for higher frequency designs, where the other technologies (discussed 
(a) 
(c) 
(b) 
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in the next sections) are limited by their electrical characteristics. Thus, this approach becomes very 
effective as it does not integrate any electrical switching or activation systems directly on the antenna.  
2.3.2 Materials with Changeable Properties/Smart Materials 
The use of materials with changeable properties (or smart materials) is another potential technique 
for antenna reconfiguration. The characteristics of any antennas/microwave devices are greatly 
influenced by variation in electromagnetic properties (permittivity, ɛr and permeability, μr) of the 
materials from which they are built [12, 85, 86]. Applying a static electric field would change the 
permittivity (ɛr) of a ferro-electric material, while a magnetic field can be applied to change the 
permeability (μr) of a ferrite material [11, 86-88]. These controllable materials have been adopted in 
several works to design and implement different reconfigurable antennas [85-89]. A ferrite material-
based frequency tunable antenna was presented in [87], which was controlled with an externally 
variable magnetic field to obtain a large tuning range. However, it showed a very high level of cross-
polarisation in the radiation profiles. On the other hand, the analysis of microstrip antennas based on 
ferrite substrates in [86, 88] indicated that nonuniformity in the biasing fields and multi-modal field 
distributions in the substrate, may limit their practical use. 
 
Figure 2.4: Reconfigurable antennas with ferro-electric material, (a) transverse stub array [90], © 
2001 IEEE; and (b) resonant slot array [91] leaky-wave antennas, © 2006 IEEE; (c) Beam-switchable 
reflectarray antenna built on a liquid crystal substrate [92], © 2007 IEEE. 
(a) 
(b) 
20 V 
0 V 
(c) 
L
C
 u
n
it
 
23 
 
Beam-steering antenna have also been intuitively studied by several researchers. Figure 2.4 depicts 
some of these configurations. A 2D transverse stub array leaky-wave antenna was developed with 
integrated ferro-electric material of varied thicknesses [90], where tuning the material property 
creates phase shifts between the stubs. In [91], a 2D resonant slot array leaky-wave antenna was built 
on a tunable ferro-electric base, whose permittivity varies depending on the applied voltage between 
the top conducting layer and the bottom ground of a nonmagnetic substrate. Any change in the bias 
voltage changes the permittivity of the ferro-electric material and results in change of beam direction. 
Numerical techniques were used to study the antenna structures, though there is the practical issue of 
how to tune a parallel plate ferroelectric configuration in real scenarios. This technique is 
advantageous in that the effects are not concentrated in a particular location, but rather distributed 
over the antenna structure, which is useful for uniform tunability. Besides, the relative values of the 
electromagnetic properties (ɛr and μr) are higher than the substrates normally used for printed circuit 
board (PCB) designs, which is a great contributor in antenna miniaturisation [93, 94]. However, the 
typical high material thickness, complex biasing, non-uniformity in the field distributions etc. may 
raise serious concerns by limiting antenna efficiency. 
Liquid crystal (LC) is another type of tunable material, whose characteristics depend on the molecular 
orientation in the liquid, that can be changed by applying an external electric field or magnetic field 
[95]. Figure 2.4(c) demonstrates a representative model of reflectarray antennas designed on an LC 
substrate [92, 96] and its two beam-switchable operating states [92]. By applying a biasing voltage 
of 20 V, the perpendicular alignment of the LC molecules in a normal (zero-biased) condition can be 
changed to parallel the fringing fields of the patch, resulting in different electric permittivity tensors 
[15]. Thus, by tuning the biasing voltages, the radiation beam direction can be switched. This 
reconfigurable antenna technology has been explored in recent years in [96-100]. While 
electromagnetic characterisation of the dielectric properties of LCs is important for antenna 
applications, it is limited to only a few compositions in the current literature [13]. Recently, a smart 
material called vanadium dioxide (VO2), which goes through insulator-to-metal transition by thermal 
induction, was described for antenna reconfigurability function as a proof of concept [101]. 
Tunable materials can achieve continuous reconfigurability with a simple control system; however, 
they are lossy and can provide reconfigurability for a limited range only. Additionally, proper 
modeling in the design process and reliability, sensitivity in the antenna operation etc. are still notable, 
challenging issues. By overcoming these limitations and utilising its potential, this technology could 
offer a great possibility for antenna reconfiguration in the near future, both at lower and higher 
frequency bands. 
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2.3.3 Electrical Mechanisms of Switching and Tuning 
The electrical reconfiguration mechanism using lumped components is by far the most promising 
technology from different perspectives of antenna design. They are easy for co-planar integration, 
thus, very compatible in the planar antenna technology and ensure overall antenna compactness. No 
physical modification or bulky arrangement is required for implementing this technique on the 
antenna surface. The impacts responsible for reconfiguring antenna characteristics completely arise 
from the electrical behaviour, impedance variation, and changes in the surface current distribution on 
the antenna structure [13, 15]. Generally, two types of electrical reconfiguration technology are used 
– the first type is the RF switch, such as PIN diodes, radio frequency micro-electro-mechanical system 
(RF-MEMS), gallium-arsenide field-effect-transistor (GaAs FET) etc. [36, 102-104]; while the 
second type is the tunable diode (varactor or variable capacitor) that produces tunable responses [41, 
105, 106]. These controlling elements are placed at specific and tactical key positions on the antenna 
surface, which strongly affect and alter the current distribution and reconfigure the antenna properties. 
Based on the nature of the lumped components, the variation process can be progressively tuned or 
discretely reversed. Technically, the switching elements can produce large impedance variation and 
jump between very high and very low impedance states, thus they serve to pass current to/isolate 
current from, the selected part of the antenna. On the other hand, the tunable diode or varactor offers 
continuous tunability in terms of the loaded variable reactance across its connecting points on the 
antenna. The junction capacitance varies inversely with the reverse voltage applied across the diode 
[107]. This characteristic is of great interest for continuous tuning of antenna properties, and is not 
possible when using RF-switches. The tuning range depends on the capacitance tuning ratio of the 
diode, which is expected to be as high as possible for expanding the tunability, though it has non-
linearity and is practically limited (low dynamic range) from the circuit point of view. 
Wide-ranging literature is available on electrically reconfigurable antennas [59, 108-113], some of 
which are depicted Figure 2.5. As shown in Figure 2.5(a)-(b), PIN diodes were used on microstrip 
parasitic arrays for beam direction switching in [114], and on a four-way power divider feeding 
network to excite the radiating sectors in [115]. Likewise, the switched-band Vivaldi antenna in [110] 
utilised PIN diodes on four switchable ring-slot pairs to switch between narrowband to wideband 
mode. As an alternative to PIN diodes, RF-MEMS switches were explored for polarisation switching 
in slot-ring-stub antenna [54] and frequency reconfigurability in the annular slot antenna [108], as 
shown in Figure 2.5(c)-(d). However, they require a microfabrication process together with the 
antenna, and to do proper characterisation of the MEMS switches, which is a sophisticated and costly 
approach, may not readily be possible everywhere. Apart from switchable antennas, for this research, 
tunable antennas were examined utilising the tunability of varactor diodes for null scanning and 
25 
 
frequency tuning [41, 106, 116]. Figure 2.5(e) shows a dual-polarised ring-slot tunable antenna [116]. 
The pixelated parasitic layer antenna [117] shown in Figure 2.5(f) can generate many reconfigurable 
states, but it contains a good number of PIN diodes, which complicates the design; so, loss in the 
control circuit may be an issue. 
 
Figure 2.5: Electrically reconfigurable antennas: (a) parasitic array controlled with PIN diodes [114], 
© 2004 IEEE; (b) sectoral antenna fed with a switchable power divider [115], © 2016 IEEE; (c) slot-
ring-stub antenna switched with RF-MEMS [54], © 2012 IEEE; (d) RF-MEMS based annular slot 
antenna [108], © 2010 IEEE; (e) varactor tuned ring-slot antenna [116], © 2009 IEEE; and (f) 
switchable pixelated parasitic layer antenna [118], © 2014 IEEE. 
(a)  
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Despite numerous advantages, this reconfiguration technique can face some issues due to the 
nonlinearity of switches, RF signal losses, and possible interference from the biasing connection etc., 
which are eventually responsible for impedance mismatch, degradation of radiation behaviour and 
reduced antenna efficiency [15]. Some of the important and desired characteristics for when choosing 
an RF-switch are: fast switching response, minimum insertion-loss and maximum isolation, high-
linearity and reliability, low-power consumption, long-life cycle etc. [12]. Compared to the RF-
MEMS, the PIN diode is cheaper, more reliable, has faster switching speed, and high power handling 
capability, though RF-MEMS has near-zero power consumption, low insertion loss–but requires a 
chip converter to supply high voltages (20 to 100 V, approximately)–and limited life-cycle [15, 119]. 
The FET switches consume low power but their RF switching performance is poor. Although a 
prepackaged PIN diode is easier to integrate/attach on the antenna, RF-MEMS can eliminate parasitic 
effects when the antenna and switch are built in a simultaneous fabrication process [11], which is 
again, sophisticated. 
2.3.4 Optical Switch Control Technology 
Other than the above mechanisms, researchers have also explored some optical reconfiguration 
techniques in recent years [32, 120, 121]. Optical reconfiguration basically incorporates 
photoconductive switches and does not require any biasing connections on the antenna structure. 
Generally, optical fibre cables are used to enable the required light delivery for photo-switching [15]. 
When the switch is illuminated by light from a laser source, the increased charge carrier density in 
the material increases the conductivity of the semiconductor elements, so switching occurs. Thus, the 
activation mechanism for photo-switches is complex and requires some additional optical fibre 
arrangement, which is a limiting issue. Although optical switches are less likely to produce 
harmonics/distortion, they have lossy characteristics beside the slower switching response compared 
to the electrical switching technology. Despite these, this technique has been successfully 
implemented in several designs.  
In [122], an annular ring-circular patch antenna was operated by laser light-activated photoconductive 
silicon switches for switching between two operating frequency bands. The silicon switch-based 
dipole antenna in [123] and laser diode-integrated wideband/narrowband antennas were also studied 
for similar purpose. These referred antennas have very simple construction and were used for straight 
forward reconfigurable features. Integration of this technology with more complicated configuration 
has not yet been studied extensively, although some recent attempts based on optical technology have 
been appreciated due to their contribution in extending the antenna reconfigurability range [122-125]. 
The frequency switchable patch antenna [121] and the band-notched ultra-wideband (UWB) antenna 
[32] were focused on narrow band switching and band-filtration, respectively. Recently, in [126], the 
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modified Alford Loop reconfigurable antenna employed a photodiode as photodetector and 
phototransistor as optical control to generate omnidirectional and directional radiation patterns in 
different switching conditions. 
2.4 Review of Reconfigurable Antennas – Concepts, Approaches and Limitations 
Wireless technologies are continuously emerging, whereas antennas with adaptability and flexibility 
have been highly sought for recently.  Substantial research efforts have been devoted to exploring 
planar reconfigurable antennas by way of changing effective antenna structures by using RF lumped 
elements, varying the substrate properties using tunable materials [15, 127, 128], and by using 
metamaterial based structures [129-132]. Reconfigurable antennas have been reported using realistic 
electronic switches such as PIN diodes [29, 133], RF-MEMS [33, 134], GaAs-FET [36] etc., tuning 
elements like varactor diodes [105, 135, 136], and optically controlled switches [32, 137]. Beside 
adopting these available technologies (switching, tuning electrical or material properties), antenna 
researchers have investigated many ideas and concepts for designing reconfigurable antennas, such 
as adjusting radiator structure or slot shape/slot transition [37, 76, 138], adding parasitic elements 
[114, 128, 139], using multiple radiators/switchable radiators [59, 140, 141], pixel-array [142, 143], 
parasitic layer/multilayer configuration [37, 138, 142], monopole-loop combination [144], applying 
Yagi-Uda antenna theory [128, 139, 145-147], phase-alteration [147, 148], changing the radiator’s 
characteristic modes [59, 149], using dual-feed structures [150], or dual patch array [151], pattern 
synthesis [152, 153] etc. However, it has been specified that antennas designed with multiple feeding 
topology and a reconfigurable external feed network [147, 148, 151], which have no direct interaction 
with antenna resonance or radiation mechanism, are not categorised as reconfigurable antennas. The 
feed networks are conveniently used for impedance transformation, phase-shifting switching the feed 
position or the antenna in a combination of multiple fixed type antennas. In some cases, the status of 
switches are mimicked assuming ideal cases of shorting/removing strips [103, 154], which is 
unrealistic and may give different results than those actually anticipated.  
2.4.1 Frequency Reconfigurable Antennas 
The purpose of frequency reconfiguration is to change the effective length of the antenna, which has 
been done by the technologies and methods listed above. Generally, switching, reactive loading and 
tuning materials are widely applied for frequency reconfiguration [106, 108, 155]. Changing the 
physical length of an antenna by connecting or disconnecting a certain part from the main resonating 
section, increases or decreases the resonant length, thus the resonant frequency moves from its 
original frequency to lower or higher, respectively. The concept of length variation gets reversed in 
case of slot configuration [156, 157]. Successful application of this technique has been found in 
dipoles [34, 123, 158], monopolar/patch [159-161], slot antennas [106, 108, 156] etc. In contrast, 
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electrical length can be modified by changing the material property of the antenna without any other 
physical alteration of it. The propagation constant varies as the material property changes; as such, 
antenna resonance moves to a lower or higher frequency with a higher or lower permittivity, 
respectively. Printed antennas on a dielectric slab where EM fields are confined in the material, have 
been designed using this technique [162, 163]. In these cases, the antenna radiation profile remains 
stable unless the current distribution changes drastically during the reconfiguration process. 
The reactive loading method works differently, which modifies the input impedance of the antenna 
by compensating for the reactive part and shifting the matching point away from the normal resonance 
frequency [164]. Using tunable varactor diodes, the reactive part can be tuned to achieve frequency 
tunability with reasonable impedance matching in a certain frequency range. While switches shift the 
operating bands discretely, a varactor tunes the resonance continuously. This technique has been 
applied for continuous resonance frequency tuning for notched-band tuning [105, 136, 165]. 
However, a varactor has its own limited tuning range, which limits the antenna tunability. The 
functionality of this antenna can be enhanced by combining varactor tuning and switching techniques. 
One such example is presented in Chapter 5 of this thesis. 
2.4.2 Pattern Reconfigurable Antennas 
The pattern reconfigurable antennas also utilise similar technology, but with different concepts, to 
achieve control of current distribution, which is related to the radiation characteristics of the antenna. 
Maintaining a good impedance matching (or constant input impedance) while the dominant current 
distribution is altered at different reconfigurable conditions, is a challenging issue. Some classical 
approaches for beam-steering are available in the literature: rotating arms of a dipole or rotating the 
antenna itself in the orthogonal plane etc. [82, 117]. Research on designing beam-steering antennas 
has been continued in various ways, such as using phase-controlled array [166, 167], parasitic-patch 
or stub controlled antenna [71, 112, 168], pixel-based structure [142, 143, 169], multilayer or stacked 
configuration [138, 170], CPW-to-slotline transition, [149, 171], monopole or monocone radiator 
surrounded by switchable reflector/director array [145, 172], loaded disk-monopole on top of vertical-
folded probe array [50, 173], frequency selective surface [174, 175],  partially reflecting surface [148, 
176] and phase-shifting surface [177].  
One of most frequently adopted general concepts is using switched/tunable elements as parasitic with 
the main radiator/driven element. They act based on the coupled currents from the driven and do not 
severely disturb the input impedance of the driven, because of not having any electrical contact with 
it. However, the coupling and impedance matching both have to be studied for the best results. This 
technique was implemented in different ways with dipoles/quasi Yagi-dipoles [75, 147], Yagi 
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antennas [113, 178], monopoles [71], microstrip antennas [114, 141, 179, 180] patch antennas [128, 
151, 181] and slot antennas [37, 59, 182]. Besides, there is a popular theory of reactive loading on 
parasitic elements around a central driven element (‘reactively controlled directive arrays’) as 
proposed by R.F. Harrington [183], which was effectively investigated and is still being studied as 
the Electronically Steerable Parasitic Array Radiator (ESPAR) antenna [172, 184-189]. In ESPAR 
antennas, the radiation of a vertical driven monopole is steered by controlling the reactive loading on 
several parasitic monopoles around it; however, the main limitation is their non-planar profiles. Some 
array configurations (such as reflectarrays and lens arrays) have also utilised reconfigurable parasitic 
or tunable elements for controlling the beam direction by changing the phase at each parasitic element 
[40, 190-192]. 
Multi-modal excitation, when the radiation patterns change (monopole/conical etc.) with the activated 
mode of the antenna, is another way of antenna radiation pattern reconfiguration [138, 193], though 
it is very limited in terms of reconfigurable states. Leaky-wave antennas are well-known for large 
beam-scanning range, thus electronic reconfigurability concepts have been applied in many recent 
designs using water grating, periodic structures, SIW configuration etc. to control phase/leaky-mode 
properties [194-199]. However, it still remains challenging to increase the beam-scanning range 
without shifting the frequency or preserving both characteristics, which is a research problem. In 
Chapter 6, a tunable leaky-wave antenna is presented which can tune the frequency while scanning 
the radiation beam. 
2.4.3 Polarisation Reconfigurable Antennas 
The polarisation reconfigurability of an antenna depends on the current distribution and flow direction 
on its surface, which is changeable by applying a suitable reconfiguration technique. By researchers 
taking advantage of switching and tuning elements and utilising some well-known structures for 
specific polarisation, several interesting and comprehensive designs have been reported in the last 
few years [50, 51, 54, 73, 200]. Some of the employed techniques are reconfigurable radiators [201-
203], slot antennas [73, 204-206], reconfigurable feeding networks [50, 205, 207, 208], parasitic 
surfaces/meta-surface/partially reflecting surface [209-211]. These antennas were generally aimed to 
switch from linear polarisation (LP) to circular polarisation (CP), left-hand circular polarisation 
(LHCP) to right-hand circular polarisation (RHCP) and vice-versa or to generate multi-linear 
polarisation (multi-LP) sense etc. In [50, 51, 200, 212], research has been focused on designing multi-
polarisation antennas using PIN diodes with multi-layer circular antenna with eight L-probes [50], 
switchable dipole radiators on a multi-layer structure [51], a unidirectional patch with shorting posts 
[200], and a crossed bow-tie dipole antenna [212]. In [54], a switchable stub was loaded on an LP 
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antenna and an RF-MEMS switch was used to generate the required orthogonal fields for CP. 
However, the antenna and switch were fabricated using a sophisticated micro-fabrication process. 
Multi-mode excitation is an efficient way for reconfiguration of antenna polarisation because exciting 
two nearby orthogonal modes helps to generate circular polarisation, while in exciting the modes 
separately, the antenna generates two LPs [117]. This is usually done on a symmetric or nearly-square 
patch; thus, the multi-mode excitation gives a wide bandwidth due to the overlapping frequency 
responses of both modes. However, due to the mode sensitivity and improper excitation of the mode, 
the antenna can show narrowband response, which always demands simple and easy to control 
configuration for polarisation reconfigurable antennas. 
2.4.4 Antennas with Multiple Reconfigurability Functions 
Compound reconfiguration of antenna is an emerging area of research and many great efforts have 
been devoted to combining multiple functions in a single reconfigurable antenna. The concept of 
multiple reconfigurability has opened many new prospects for antenna applications, especially for 
modern communication devices which are multi-functional and compact. While singular 
reconfigurability is still the focus of extensive research, the multi-reconfigurability objective is much 
more complex and sophisticated than that. The antenna parameters are interdependent, and they are 
sensitive to each other, which offers a big challenge when attempting to reconfigure multiple 
parameters together. However, several research efforts have been acknowledged for developing 
compound reconfigurable antennas. Generally, multiple single-reconfigurability approaches are 
employed together in a single multi-reconfigurable antenna, where careful integration of the design 
and the control mechanisms is essential. There are many notable works on multi-reconfigurability 
antennas’, which were investigated for frequency and pattern reconfigurability [123, 213, 214], 
frequency agility and polarisation diversity [215-217], as well as pattern and polarisation 
reconfigurability [218-220]. 
Researchers in [221] presented a patch antenna with switchable slotted parasitics for frequency band 
switching and pattern reconfiguration. The Yagi antenna theory was utilised on the parasitics for 
tilting the radiation pattern where the frequency responses also changed due to the change of the 
reactive effect on the parasitic. However, the beam-steering was achieved in one plane only. For 
beam-steering symmetry, a symmetrical radiator-parasitic array antenna that works in two bands and 
can produce six beams at each band, has been reported in [222] .  
Aiming to acquiring pattern selectivity and polarisation diversity, a microstrip antenna with multiple 
patches backed with a switchable power-divider network was proposed in [219]. Four rectangular 
patches were excited by changing the phase and magnitude from the feeding network to generate 
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conical and broadside beams or to switch between LP and CP. In this case, a switchable feeding 
network was used to control the antenna functionality externally. Similarly, the dual-feed annular 
ring-slot antenna in [217] utilised a tunable feeding network designed with a quasi-lumped coupler, 
for operating mode switching and multi-port polarisation diversity. The annular ring-slot was tuned 
for frequency reconfiguration while the backside feed network was responsible for polarisation 
diversity. On the hand, the annular ring-slot antenna in [214] could produce reconfigurable patterns, 
while the switchable matching stubs (matching network) were activated for matching impedance at 
different bands. 
A new approach based on interconnected small metallic patches (called pixels) has been implemented 
for reconfigurable aperture antenna or pixel antennas, where the antenna surface was modified using 
a large number distributed switch. This concept offers possibility to synthesize the antenna surface 
with many different shapes at the expense of design complexity and risk of unanticipated results, even 
due to the sensitivity in small scale. In [223], a multi-functional pixel-array antenna using RF-MEMS 
technology was designed for compound reconfigurability. Another pixelated antenna concept was 
introduced in [224], which incorporated multi-sized pixel patches for producing wideband frequency 
switching and beam-steering in a large range. The authors attempted to lower the complexity by 
separating the pixels into two regions – the driven aperture and parasitic regions – instead of using a 
linear/regular array of same size pixels. Despite their capability, the pixel-based antennas still require 
complex integration of a large number of switches and associated control circuitry, which is 
detrimental for antenna reconfigurability performance as such integration produces low efficiency 
due to losses and slow response time.  
Frequency reconfigurability, in most cases, was focused on switching the operating bands while 
preserving another reconfigurable functionality. Among some of the recent examples [222, 225-228], 
the multilayer series-fed array in [229], the segmented multi-patch antenna in [228] were designed 
for beam-steering, while they could still switch the frequency to three and four bands, respectively. 
These antennas do not feature any frequency tunability alongside the beam-steering capability. 
Frequency tuning is more selective, dynamic and effective than frequency band switching. To address 
this, frequency tunable antennas have been introduced in some recent designs and are still being 
studied for improved functionality and added flexibility in a wireless system [216, 230-232]. In a 
frequency tunable beam-scanning or polarisation reconfigurable antenna, frequency tunability always 
aims to maximise the tuning range, while the beam-steering is expected to cover a scanning area as 
wide as possible in the 360° range. 
32 
 
2.5 Challenges and Trade-offs in Designing Reconfigurable Antennas 
Despite the technological developments, conceptual innovation and remarkable efforts in 
reconfigurable antenna design in the last few years, several challenges remain to be carefully 
considered for optimum reconfigurability and sustainable enhanced antenna capabilities. The choice 
of reconfiguration mechanism is a dominating factor, which is governed by the antenna topology and 
suitability of its target application. A general trade-off is considered, among the multi-dimensional 
aspects of the available technologies – space, speed, sensitivity, reliability, complexity, power 
consumption, actuation method and bias networks, control and assembly complexity, lifetime, 
dynamic range etc. [11, 15, 95]. Proper integration of a less complex, easily controllable mechanism 
on the antenna with its low power activation method for the anticipated functionality, is challenging. 
For most conveniently used electrical reconfiguration mechanisms, a biasing circuit is the vital part 
required for controlling the switching elements, which complicates the design and puts design limits 
on the concept model. Any chance of uncontrolled electromagnetic coupling or RF signal leakage to 
the biasing parts from the radiating parts, can strongly interrupt the antenna functionalities [11]. 
Moreover, if strongly coupled, the bias lines can become a resonant structure, thus causing serious 
problems in the antenna impedance matching [233]. The adverse effects can be avoided or limited by 
using small and very narrow high impedance biasing lines, improving RF isolation by RF choke/high 
value resistor and putting them away from the near-field of the radiating part. A combination of RF 
choke and DC blocking capacitor creates strong isolation between the RF and DC bypassing.  
On the other hand, prepackaged (switching or tuning) lumped components are essentially used in 
most of the modern reconfigurable antenna designs. These lumped components have some package 
parasitic effects which are hard to accurately model in a frequency-dependent environment. They are 
normally ignored at the application level considering that this issue is well controlled and minimised 
(within a small tolerance range) in the commercial production process. Generally, they are quite 
fitting and provide acceptable performances for the designed antenna with marginal deviations (if not 
100% matched). However, if the parasitic effect becomes dominant somehow, it will change the 
lumped elements’ anticipated behaviour and eventually the antenna reconfigurability will degrade 
seriously. Likewise, variation of the internal resistance and capacitance value from their typical 
ranges can also impact the impedance matching or reconfigurability. Generally speaking, their 
datasheet characteristics are produced based on standard transmission line or grounded co-planar 
waveguide (CPW) line measurement, which may differ when applied in a radiating environment with 
other frequency-dependent structures and devices. 
Irrespective of the design procedures, generally it is preferred that reconfigurable antennas achieve 
uniformity in their performances. This ensures consistent behaviour of the reconfigurable antenna in 
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different operating conditions; thus the antenna can be utilised efficiently. An antenna lacking quasi-
uniform reconfigurable performances or producing variable gain or shifting the resonance for the 
same antenna with similar operating principle, would seem practically useless, unless it met other 
standards in specific conditions for specific applications. Having this quasi-uniform nature or 
performance stability also serves the purpose for efficient substitution of multiple identical FPAs by 
a single RA unit. The uniform nature is advantageous in the case of beam-scanning applications for 
smooth and quick transition, predictable scanning and proper functionality. It is worth mentioning, 
that antennas that lack symmetry, have lack of uniform reconfigurability and limited beam-scanning 
range for 360° beam-scanning applications [59, 138, 145, 146, 151]. This is caused by the asymmetry 
in the feeding position, irregular placing of the reconfiguration mechanisms etc. for which the field 
propagation and distribution on the radiating elements appear dissimilar in different operating states. 
Although symmetry and uniform reconfigurability can be compromised for ease of feeding, ease of 
impedance matching and ease of antenna design, this will hinder antennas from performing well in 
specific sectors or in specific orientations. For example, compared to a centre-fed circular patch 
antenna, an off-centred feed patch is easier for impedance matching, while it loses symmetry in beam-
steering, and uniformity of performance parameters in the reconfigurable states. 
In the case of frequency tunable antennas, a very large tuning range is desired; however, two limiting 
factors are normally observed in this type of antenna. Since the tunability is achieved by varactor 
capacitance tuning, the antenna cannot practically cross the available capacitance tuning range of the 
varactor. Secondly, the range of single resonance tunability becomes narrow when the higher mode 
resonances start overlapping within the tuning range, as the natural resonance is progressively tuned 
to the lowest frequency of the tuning range. This is one of the reasons for achieving dual-band 
frequency tunability with pattern reconfigurability in dual-resonant modes [232]. Although it gives 
wideband tuning with different radiation modes, it would be difficult to preserve such results for a 
large truing range, since the matching will gradually deteriorate alongside the varator’s tuning 
limitation to provide sufficient reactive loading on the impedance. 
2.6 Summary 
This chapter gives a thorough overview of reconfigurable antennas, their classification, methods and 
technologies adopted so far for realising various types of reconfigurability. In addition, existing 
reconfigurable antenna designs, approaches and their limitations are explored. The applications, 
domains and advantages of using reconfigurable antennas are also highlighted. Additionally, the 
challenges, limitations, and design considerations in designing reconfigurable antennas are discussed.  
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Chapter 3.  Development of Frequency Band-Rejection Reconfigurable 
Antennas for UWB Applications 
 
3.1 Introduction 
This chapter presents a frequency band reconfigurable antenna operating in the ultra-wideband 
(UWB) frequency range (3.1-10.6 GHz). In recent years, UWB technology has received fascinating 
attention due to its merits, such as low-power requirement, large channel capacity, less sensitivity to 
the multipath effect, resistance to jamming etc. [234, 235]. This technology has been adopted widely 
in many areas such as short-range communications, cognitive radio, sensing and imaging systems, 
radar, target localisation and characterisation, automotive applications etc. [236-238]. There are 
several narrow band standards that coexist within the UWB, from among which the commonly used 
bands are IEEE 802.16 WiMax (3.3–3.6 GHz; 5.25–5.825 GHz), IEEE 802.11a WLAN (5.15–5.35 
GHz; 5.725–5.825 GHz), and ETSI HiperLAN/2 (5.15–5.35 GHz, 5.47–5.725 GHz). This overlap of 
bands causes weak signal reception due to mutual interference when a number of devices run 
simultaneously at these bands [29, 33, 105, 134, 135]. To solve this, permanent band-rejection has 
been investigated extensively [30, 239-241], which, however, limits antenna functionality. Thus, on-
demand band-rejection is more anticipated as it requires a reconfigurable band-rejection technique 
implemented with the antenna [29, 33, 36, 105, 134, 135]. So far, most of the reported reconfigurable 
antennas have limitations of operating mode and/or reversibility to full UWB mode [242]. Though 
the optically reconfigured antenna in [32] successfully works, it requires additional arrangement to 
build and control the optical switches (high εr substrate and optical fibre-holder). 
The low-profile, low cost antenna developed here operates in four modes – UWB, on-demand 
individual, and simultaneous band-rejection modes, which is implemented by controlling the surface 
current flow on the antenna using PIN diodes. Details of the design process and reconfiguration 
mechanism are explained using equivalent circuits and surface current distribution at each mode. The 
antenna performances are validated with prototype measurement. This antenna is suitable for high-
performance UWB systems in WiMax/WLAN dense environments with the aim to improve signal 
quality, system capacity, and communication link efficiency. 
3.2 Design Concepts of the Reconfigurable UWB Antenna 
A monopole over a partial ground plane is a suitable combination for achieving low cost, planar 
wideband antennas with stable radiation properties. The fundamental resonant frequency of a printed 
antenna with a rectangular ground plane can be approximated by formula (3.1) given in [237]. 
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+
𝐴𝑟
2𝜋𝐿𝑟√𝜀𝑒
    (3.1) 
Here, Lg and Lr are the lengths of ground plane and radiator respectively and g is the gap between 
them, Ag and Ar are the areas of ground plane and radiator respectively and the effective dielectric 
constant is predicted as 𝜀𝑒 = (𝜀𝑟 + 1)/2, where 𝜀𝑟 is the dielectric constant of the substrate. In the 
presented designs, the cost-effective substrate FR4 (relative permittivity, εr = 4.5, loss tangent, tanδ 
= 0.02, thickness = 1.6 mm) is used. 
3.2.1 UWB Antenna Design 
Generally, monopole over a partial ground plane is a suitable combination for achieving nearly 50 Ω 
impedance matching across a wide frequency range, as adopted in many UWB antennas [36, 238, 
240, 243-246]. At the same time, such a structure enables designing low cost, planar wideband 
antennas with stable radiation properties [234, 236]. Thus, the presented design started with a circular 
radiator over a rectangular partial ground plane and then gradually evolved from Ant.1 to the band-
rejection reconfigurable antenna (Ant.8) as shown in Figure 3.1(a).  
For the lowest resonance, the diameter (Lr ≈ 2Rr) of a circular disc monopole should approximately 
be λe/4, where λe is the effective wavelength at the target frequency [243, 245, 246]. The length of the 
λe/2 wide ground plane is initially predicted as λe/4 for exciting multiple resonances. With these 
preliminary assumptions, the UWB antenna design is initiated for Ant.1 while using (1) to estimate 
its fundamental resonance. The antenna is fed at the lower edge through a 50 Ω microstrip line on the 
same side of the FR4 substrate, while the ground plane is printed on the backside. For improving 
impedance matching in the whole UWB, the radiating disc and the ground plane shapes are modified 
successively. The VSWR curves for these antenna configurations in the band of interest are shown in 
Figure 3.1Error! Reference source not found.(b). The successive modification of the top radiator 
and the ground plane shows their important roles in obtaining flat impedance over the whole UWB. 
The commercial EM simulator HFSS is used to optimise the antenna parameters. The design 
parameters of the antennas as labeled in Figure 3.1(a) are (all in mm unit): Lf = 14, Lg = 14.5, Ls = 32, 
Lslot = 15.93, Lstub = 12.06, la = 10, lb = 7.28, Wf = 2.9, Ws = 36, Wg = 11.76, Wge = 32, Rr = 8.75, g1 = 
0.7, g2 = 1, ws = 0.3, rs = 5. 
Ant.2 and Ant.4 have inset arc-slits in the middle-upper edge of the ground plane, whereas the ground 
planes in Ant.3 and Ant.4 are modified to semi-elliptical shapes. Because of the inset arc-slit, Ant.2 
and Ant.4 have better impedance matching across a wideband (VSWR ≤ 2) than Ant.1 and Ant.3, 
respectively. Due to the coupling with the lower edge of the top radiator, such a small slit in the 
ground plane is vital for exciting the intermediate resonant modes of the UWB. Thus, a wide 
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frequency band can be covered with such structures. Ant.2 covers a very wideband (3-10 GHz), but 
even so, it cannot cover the full UWB range. In contrast, Ant.3 (semi-elliptical ground plane without 
slit) has two higher resonant modes at 8.5 and 11.8 GHz beside the fundamental resonance at 3.4 
GHz. Thus, when the ground plane is modified to a semi-elliptical shape with an inset arc-slit, 
bandwidth is extended and Ant.4 matched well (VSWR ≤ 2) within the full UWB. 
 
(a) 
 
(b) 
Figure 3.1: Successive modifications of the UWB antenna configurations (Ant.1 to Ant.8). (a) Design 
steps, (b) VSWR plots of the antennas. 
Since the main interest of this work is to create individual and simultaneous reconfigurable rejection 
of the WiMax (3.3-3.6 GHz) and WLAN (5.15-5.82 GHz) bands within the UWB, the impedance 
responses at these bands are important to be observed. Within the band of 5-6 GHz, the VSWR shows 
a slightly upward trend that might become problematic in the reconfiguration process. Therefore, to 
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improve the matching further before implementing any band rejection technique on the antenna, the 
top radiating part is modified by truncating it from the upper edge, both left and right sides (Ant.5). 
Despite this truncation, the upper edge still has similar length, thus it does not degrade the antenna 
characteristics but rather improves impedance matching at the 5-6 GHz band. This modification 
allows the surface currents along the radiator’s upper edges to be more concentrated and results in 
lower VSWR (< 1.5) than that for Ant.4, at the 5-6 GHz band. This UWB antenna covers 3.05-13.5 
GHz and it is further modified for realising the band rejection reconfigurable antenna. 
3.2.2 Design Procedure of the Reconfigurable UWB Antenna 
After designing the well-matched UWB antenna (Ant.5), the band-rejection function is realised by 
utilising an arc-shaped slot (Ant.6) and two open-end L-shaped stubs close to the antennas’ top left- 
and right-edges (Ant.7). The rejected resonances (frr1 and frr2) are controlled by adjusting the length 
of stubs (Lstub) and the length of the arc-shaped slot (Lslot). Equations (3.2) and (3.3) respectively show 
the relations of frr with Lstub and Lslot. 
𝑓𝑟𝑟1 =
𝑐
4𝐿𝑠𝑡𝑢𝑏√𝜀𝑒
     (3.2) 
𝑓𝑟𝑟2 =
𝑐
2𝐿𝑠𝑙𝑜𝑡√𝜀𝑒
     (3.3) 
where, c is the free-space light speed, frr1 and frr2 are the rejected resonances, respectively for the 
WiMax and WLAN bands. 
Initially, the band rejection techniques are separately added to Ant.5 to see their effectiveness in single 
rejection modes. Then, to realise the simultaneous single and dual rejection functionality, they are 
both included in the same antenna (Ant.8) but individually controlled by two sets of switches. This 
gives more freedom for realising rejection reconfigurability from one single antenna. The arc-shaped 
slot is inserted near the lower edge of the radiator and Lslot is approximately λe/2 at the target frr2. This 
open arc-slot affects the surface current distribution on the antenna at the respective frequency, and 
by adjusting Lslot, frr2 can be easily controlled. However, when the arc-slot is shorted at the middle, it 
becomes transparent for that frequency, thus the original UWB is preserved as if there is no slot. On 
the other hand, to reject any band using the L-stubs, Lstub should be about λe/4 long at its centre 
frequency. When the L-stubs are connected on the two sides of the truncated radiator, their dual effect 
results in the rejection of a band centred at frr1. However, they do not change the antenna’s full UWB 
coverage when disconnected from the main radiator. Any change in the stubs’ length affects the 
resonance frr1 that corresponds to Lstub.  
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(a) 
 
(b) 
Figure 3.2: Tuning frr by adjusting the length of stubs and slot. (a) L-stubs and (b) arc-shaped slot. 
Figure 3.2 shows the effect of Lstub and Lslot on tuning the rejected band within UWB range. As given 
in equation (3.2), the stub length, Lstub = 7.5 mm is ≈ λe/4 at the WLAN band, thus rejecting this band 
and while Lstub = 12 mm, the antenna rejects the WiMax band at 3.5 GHz. Similarly, from equation 
(3.3), when Lslot = 23 mm, the length (λe/2) corresponds to the WiMax band, while when Lslot = 16 
mm, the antenna rejects the WLAN band at 5.5 GHz. This study indicates that either slot-loading or 
the stub-loading technique can be chosen for any single band rejection. However, the arc-slot rejected 
band is seen to be wider than the L-stub rejected band. Since the WLAN band is wider than the 
WiMax band, Lslot and Lstub are optimised for WLAN and WiMax rejection respectively. Besides, 
only one switch at the slot centre is enough for deactivating the arc-slot and in doing so, the two half-
slots are not sufficient to create another notch within the UWB range that corresponds to Lslot/2. If, 
instead, the slot is used for WiMax rejection, when shorted, it can create another peak at around 7 
GHz as the half- slots would correspond to Lslot/2. The odd harmonics of the λe/4 open-ended L-stubs 
are also outside the UWB and have negligible attenuation effect on the antenna performance because 
little currents flow on the stub at those odd harmonics. So, seemingly, the slot-rejection technique is 
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size-restricted when dealing with very wideband antennas, which is, however, not present in the case 
of the stub-rejection method. Moreover, the slot shows better rejection at the WLAN band (VSWR > 
6) and the stubs are better for WiMax rejection (VSWR > 11).  
3.2.3 The Antenna Configuration and Biasing circuit 
The band-rejection reconfigurable UWB antenna concept developed in the above sections is 
implemented as shown in Figure 3.3(a). It requires only three PIN diodes for the antenna operation: 
D1 for the arc-slot and D2 and D3 for the L-stubs.  
 
 
Figure 3.3: (a) Details of the reconfigurable UWB antenna; (b) Equivalent circuits; and (c) biasing 
circuit of the PIN diode; (d) Diode characteristics in comparison with a 50 Ω microstrip line (MSL). 
The basing details for PIN diode switching are also depicted in Figure 3.3. To accommodate the 
biasing circuit lumped elements within the radiator, the arc-slot is extended with a small rectangular 
cut-section in the middle of the radiator.  The cut-section is in the inner side of the radiator where the 
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current density is lower than at the outer side; thus it has minimal effect. Nonetheless, to compensate 
for any effects of this slot extension, Lslot is adjusted so that it remains close to λe/2 for proper WLAN 
band-rejection. In the case of WiMax band-rejection, Lstub is slightly shortened (close to λe/4) after 
including the lumped elements and being optimised to achieve full band-rejection. 
The Skyworks PIN diode model SMP1345-079 [247], which has very low capacitance (Ct = 0.15 pF) 
and low resistance (Rs = 1.5 Ω at 10 mA), is considered for switching purposes. This surface 
mountable diode (SMD) is specially designed for faster switching in applications from 10 MHz to 6 
GHz. As the target bands to reject are below 6 GHz, this diode becomes a suitable choice. The ‘ON’ 
and ‘OFF’ states of the PIN diode and its basing circuit are given in Figure 3.3(b-c). In the biasing 
circuit, Ln = 18 nH is used for choking RF from bypassing to the biasing lines and Cn = 7 pF is used 
for DC blocking to the RF path. Figure 3.3(d) shows the characteristics of the PIN diode model in 
‘ON’ and ‘OFF’ conditions, as obtained from an ADS circuit model simulation and an HFSS EM 
simulation. The isolation varies between 8 to 12 dB within the 2-6 GHz band. Since the HFSS model 
is more realistic, it estimates slightly higher loss than the ADS circuit model and the maximum 
insertion loss is 0.6 dB at 5.5 GHz. Nonetheless, both simulations give similar results to those 
provided in the manufacturer’s datasheet [247]. 
3.3 Operation Principle of the Reconfigurable UWB Antenna 
The antenna operates in four different modes, as tabulated in Table 3.1. When the arc-slot is shorted 
and both L-stubs are disconnected, the antenna supports the whole UWB as the slot and the stubs 
become inactive.  
Table 3.1: Conditions of Reconfigurable Antenna Operation 
 M1 M2 M3 M4 
D1 ON ON OFF OFF 
D2 OFF ON OFF ON 
D3 OFF ON OFF ON 
frr NBR 3.5 5.5 3.5/5.5 
RBW NBR 3.26-3.85 5.1-5.95 3.27-3.86 
5.13-5.95 
OBW 3.0-12.9 2.95-12.3 2.85-12.9 2.9-12.3 
frr = rejected resonant frequency (GHz), RBW = rejected bandwidth (GHz), OBW = operating 
bandwidth (GHz), and NBR = no band-rejection. 
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In M2 and M3, the antenna rejects WiMax and WLAN bands respectively when all diodes are turned 
‘OFF’ or ‘ON’, respectively. For the dual band rejection, both L-stubs and arc-slot are activated; in 
effect they reject both WiMax and WLAN bands. The principle of the antenna operation is explained 
by the surface current distribution and transmission-line circuit model at the rejected frequency bands. 
3.3.1 Surface Current Distributions at Different Rejection Modes 
Figure 3.4 illustrates the surface current distributions of the antenna at the band-rejection modes. In 
Figure 3.4(a) and (b), individual rejection effects are shown at frr1 for M2 (WiMax band) and at frr2 
for M3 (WLAN band) respectively, whereas Figure 3.4(c) shows the same in the case of the dual 
rejection operation (M4), at frr1 and frr2.  
 
Figure 3.4: Surface current distributions of the antenna when operating at different rejection modes. 
(a) Mode: M2; (b) Mode: M3; (c) Mode: M4. 
 
As shown in Figure 3.4(a), at frr1 = 3.5 GHz, the surface current is strongly concentrated along the 
upper edge of the radiator and in the activated L-stubs. However, the currents on the L-stubs and 
along the adjacent radiator edges are oppositely directed to each other, thus a destructive interference 
occurs. Therefore, the antenna becomes nonresponsive and does not radiate at the WiMax band. At 
frr2 = 5.5 GHz (see Figure 3.4(b)), when the arc-slot is active, the current is strong along its left- and 
(a) (b) 
(c) 
M4: 3.5 GHz M4: 5.5 GHz 
M3: 5.5 GHz M2: 3.5 GHz 
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right- edges and oppositely directed along the interior and exterior of the arc-slot. Due to this opposite 
current flowing around the slot, the antenna becomes nonresponsive and no radiation occurs at the 
WLAN band. Similarly, in the dual rejection mode, M4 (Figure 3.4(c)), activation of both stubs and 
slot increases the current density along the stub-radiator edges and arc-slot’s interior-exterior edges 
at 3.5 and 5.5 GHz, respectively. These opposite flows of currents make the antenna nonresponsive 
at both frequencies and successfully reject both WiMax and WLAN bands simultaneously. 
3.3.2 Conceptual Equivalent Circuit Based Analysis of the Antenna Operation 
The rejection reconfigurability of the antenna is further explained using a transmission-line equivalent 
circuit model at different frequency bands, as presented in Figure 3.5. The arc-slot is presented as a 
short-circuit series stub and the L-stubs are modeled as an open-circuit shunt stub [31, 33].  
LS1, shorted stub (Arc slot)
D1 ON
D2 OFF
D3 OFF
Ra
LS2, open stub 
(Disconnected L-stubs)
     
D1 ON
D2 ON
D3 ON
LS2 = λ1/4 
open stub
Ra
LS1, shorted stub (Arc slot)
Connected L-stubs
 
(a)      (b) 
D1 OFF
D2 OFF
D3 OFF
Ra
LS1 = λ2/4 shorted stub (Arc slot)
Disconnected L-stubs
LS2 = λ1/4 
open stub
         
D1 OFF
D2 ON
D3 ON
Ra
LS1 = λ2/4 shorted stub (Arc slot)
Connected L-stubs
LS2 = λ1/4 
open stub
 
(c)       (d) 
Figure 3.5: Conceptual transmission-line equivalent circuit of the antenna at the (a) UWB passband 
frequencies; (b) rejected WiMax band; (c) rejected WLAN band; and (d) rejected dual bands 
(WiMax/WLAN); (Ra = antenna resistance). 
When D2 and D3 are ‘OFF’, L-stubs are disconnected from the transmission-line, no incident signal 
is interrupted; thus the antenna radiates. When the stubs are connected to the transmission line (D2 
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and D3 are ‘ON’) and Lstub = λe/4 at frr1 = 3.5 GHz, an ideal short appears at the stubs position where 
the incident signal gets reflected; thus the stubs create a rejection (see Figure 3.5(b)).This action is 
also supported by the current distribution in Figure 3.4(a), where the current is highly dense near the 
radiator and stubs’ edges because of the short-circuit connection. These dense but oppositely directed 
currents along the edges of stubs and nearby radiator, lead to the successful rejection of the WiMax 
band. In this case, the arc-slot is always inactive (D1 ‘ON’). The slot works in a similar way to a spur-
line filter added to the circuit [33]. When D1 is ‘OFF’, the filter becomes part of the circuit and 
reflects the incident power at its resonant frequency (Figure 3.5(c)). Otherwise, it is out of the circuit 
when D1 is ‘ON’, and because of the short-circuit connection across the slot, no rejection occurs in 
this state. When the arc-slot is open and Lslot = λe/2 at frr2 = 5.5 GHz, the current at the centre is very 
low, but highly dense near the slot ends (Figure 3.4(b)). So, the antenna works in transmission-line 
mode and transforms the impedance across the quarter-wave length (half of Lslot) of the arc-slot. 
Due to the quarter-wave transformation, the short circuits at the slot-ends are transformed to open 
circuit at the slot centre (feeding point). This open-circuit (high impedance) at the feeding point 
creates high attenuation at 5.5 GHz and the antenna filters out the WLAN band. In this case, the L-
stubs are always inactive (D2 and D3 are ‘OFF’). Similarly, both arc-slot and L-stubs are activated at 
M4. The slot is open (D1 ‘OFF’) and stubs are shorted (D2 and D3 are ‘ON’) to the radiator as shown 
in Figure 3.5(d). The arc-slot rejects the WLAN band, which corresponds to Lslot = λe/2; and the stubs 
reject the WiMax band, which corresponds to Lstub = λe/4. As the diodes are individually controlled, 
the antenna can switch its operation to any of the four reconfigurable modes. 
3.4  Results of the Reconfigurable UWB Antenna 
3.4.1 Simulated Performances 
The simulation and optimisation are done in Ansys HFSS electromagnetic simulator and they are 
cross-checked using CST microwave studio for justifying the simulation accuracy. Table 3.1 
describes the conditions of operation and band-rejection at different modes. The arc-slot is controlled 
by D1 and the L-stubs are controlled by D2 and D3, thus realising four reconfigurable modes from 
the single antenna. Depending on the PIN diodes’ (D1, D2, D3) biasing condition, the arc-slot and L-
stubs become active or inactive in playing their band-rejection roles. Thus, the antenna switches its 
operation from normal UWB to single or dual band rejection modes. 
Figure 3.6 shows the resonance behaviour of the antenna obtained from simulations (HFSS and CST) 
at the four operating modes. The common frequency band (VSWR ≤ 2) covered in all modes is 3.0-
12.3 GHz (HFSS) and 3.05-12.65 GHz (CST). In the band rejection modes, the common rejected 
bands (VSWR > 2) are:  M2: 3.26-3.8 GHz (WiMax); M3: 5.1-5.9 GHz (WLAN); and M4: 3.27-3.78 
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GHz (WiMax) and 5.15-5.88 GHz (WLAN). With the stub activation (D2/D3 switched ‘on’), the 
antenna shows strong rejection (VSWR > 8.4) at the WiMax band (M2) and when the slot is open 
(D1 ‘off’), VSWR > 5.7 at the WLAN band (M3). Thus, the relative rejections are about 23.6 dB in 
M2 (at 3.5 GHz) and 10.5 dB in M3 (at 5.5 GHz). 
 
Figure 3.6: Simulated VSWR of the final design with enlarged views at the rejected bands. 
 
In the dual rejection mode M4, the first rejected band is 3.27-3.86 GHz with VSWR > 8.5 and the 
second rejected band is 5.13-5.95 GHz with VSWR > 5.6. Thus, the resultant rejections are about 
21.4 dB (at 3.6 GHz) and 10.3 dB (at 5.5 GHz). Beside the strong rejections, the antenna also has 
sharp roll-off at the rejected bands. Both HFSS and CST simulators give closely matched results, thus 
confirming the simulations with similar reconfigurability. 
3.4.2 Measured Results Analysis 
The final design of the antenna is fabricated as shown in Figure 3.7(a). To feed the antenna, a 50 Ω 
SMA connector is used. The biasing DC is supplied from the backside so that the antenna’s radiation 
remains unobstructed and undistorted due to the biasing wires. Surface mountable chip capacitors (7 
pF) and inductors (18 nH) from Murata and SMP1345-079 PIN diodes are soldered at their predefined 
positions on the top surface. 
The fabricated antenna is tested using a network analyzer within a far-field anechoic chamber. Figure 
3.7(b) shows the measured vs simulated VSWR of the final antenna at the four reconfigurable modes. 
The antenna works commonly from 3.05 GHz to above 11 GHz in all modes. The measured rejected 
bands (VSWR > 2) are:  M2: 3.1-4.05 GHz with peak (VSWR > 8.4) at 3.55 GHz; and M3: 5.1-6 
GHz with peak (VSWR > 5.7) at 5.6 GHz. In M2 and M3, the relative rejections are about 15.6 dB 
and 10.5 dB respectively. When the antenna works in M4, it rejects the WiMax band (3-3.85 GHz) 
centred at 3.45 GHz (VSWR > 8.5) and the WLAN band (5-5.95 GHz) centred at 5.5 GHz (VSWR 
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> 5.6). In this case, the relative rejection is about 16 dB in the WiMax band and 10 dB in WLAN 
band. It is worth mentioning that the band-rejection level becomes limited with increased bandwidth. 
For example, the rejection of the wider WLAN band is usually limited to 3-4 dB [11, 12]. Thus, 
stronger rejection is obtained here in the narrow WiMax band than in the wider WLAN band. The 
measured VSWR are close to their simulated counterparts and the slight shifting of their peaks could 
be due to the fabrication tolerances and to the uneven soldering on the antenna surface. 
 
 
(a) 
 
 
(b) 
 Slot biasing 
Stub biasing 
SMA 
DC 
supply 
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(c) 
Figure 3.7: (a) Fabricated prototype with enlarged view of the biasing circuits; (b) measured vs. 
simulated VSWR; and (c) gain characteristics of the antenna at different reconfigurable modes. 
 
The measured and simulated gain characteristics (measured vs simulated) of the final antenna are 
presented across the operating band in Figure 3.7(c). The tested antenna has an average gain of 4 dBi 
and the gain varied from 3-5 dBi across the UWB. The simulated gain responses are comparatively 
smoother and slightly higher than the measured gains at different modes. However, because of the 
integrated band-rejection functions of the antenna, the gain dropped at the rejected bands. The 
measured gain drop, Gd values at different modes are: M2: 6.96 dB (WiMax band); M3: 7.45 dB 
(WLAN band); and M4: 6.9 dB (WiMax band) and 7.3 dB (WLAN band). In the measurements, some 
gain fluctuations are observed, especially at high frequencies, which can be attributed to the FR4 
substrate and SMA connector’s limitation at such high frequencies. Even though realistic models of 
the biasing components are used in the simulator, their practical limitations cannot be precisely 
predicted. Furthermore, apart from the lumped components, other contributing factors such as 
fabrication accuracy and measurement tolerances cannot be ignored as well. 
Figure 3.8 shows the radiation patterns for the antenna measured at 3.5, 5.5, 7.5 and 9.5 GHz. As 
predicted, the monopole-type antenna has omnidirectional patterns in the H-plane (xz-plane) and 
toroidal shaped patterns in the E-plane (yz-plane). In the case of M2, D1/D2/D3 are switched ‘ON’, 
stubs are shorted to the main radiator, but slot is neutralised; thus the antenna experiences a rejection 
at 3.5 GHz and radiates weakly at the WiMax band. In the case of M3, D1/D2/D3 are turned ‘OFF’, 
slot is activated but stubs are disconnected; thus the antenna become non-responsive and gives weak 
radiation at the rejected WLAN band. When the antenna is switched to mode M4, i.e. both arc-slot 
and L-stubs are active, the antenna faces dual-rejection at WiMax (3.5 GHz) and WLAN (5.5 GHz) 
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bands. In the front direction (z-axis, φ = 0˚, θ = 0˚), the radiation is suppressed (around 9 dB lower) 
at 3.5 and 5.5 GHz due to the effects of arc-slot and L-stubs, respectively. 
 
Figure 3.8: Measured radiation patterns for the antenna at 3.5, 5.5, 7.5 and 9.5 GHz. 
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This antenna preserves stable radiation in both planes at almost all the frequencies except for some 
discrepancies. At higher frequencies (9.5 GHz), the antenna patterns slightly deviate from the normal 
shape since some opposite high frequency currents are found along the arc-slit on the ground plane 
and the radiator’s lower edges. Some distorted ripples are observed, which are assumed to be due to 
the measurement setup and rotating turntable vibrations. Nonetheless, owing to the structural 
symmetry, the antenna maintains symmetrical and stable patterns across the band. Moreover, to 
reduce any external effects on the antenna radiation from the biasing circuit, the whole unit and wires 
are shielded by housing them inside some absorbing foams. 
3.5 Comparison with Similar Antennas 
The measured results of the presented antenna are compared in Table 3.2 with some of the recently 
reported reconfigurable band-rejection UWB antennas. The antenna is comparable with other 
antennas in terms of the size, full UWB coverage, rejection mechanism, number of reconfigurable 
operation modes etc. Moreover, this antenna has the unique feature of reversibility between the 
rejection modes and the normal UWB operations. Although the optically controlled antenna in [32] 
has similar functions, the fibre-coupled semiconductor-laser driver arrangement over the antenna 
requires an extra height (> 4 mm) and about 100 mW of activation power for each switch; these 
factors increase the cost, and limit its applications.  
Table 3.2: Comparison of the designed antenna with recent similar UWB antennas 
 [This work] [29] [105] [134] [32] [248] 
Antenna Size 
(mm3) 
38 × 32 × 
1.6 
20 × 20 × 
0.8 
30 × 30 
× 0.8 
44 × 40 40 × 35 × 
1.5* 
45 × 40 × 1.6 
Frequency Band 
(GHz) 
3.05-13.0 3.12-12.51 3.0-12.0 2.8-12.0 2.62-11.0 2.8-9.0 
Rejected bands 
(GHz) 
3.1-4.05 
5.1-6.0 
3-3.85/ 
5-5.95 
3.12-3.82 
5-6.06 
2.69 to 
5.74 
5.15-
5.825 
3.55 
5.08 
3.56/5.1 
3.7-4.2 
5.15-5.82 
No. of operation 
modes 
4 3 1 1 4 4 
Reconfigurable 
States 
N/S/D S/D S S N/S/D S/D 
Mechanism Stub and 
Slot/ 
Diodes 
Slot/ 
Diodes 
Slot/ 
Varactor 
Stubs/ 
MEMS 
CSRR/ 
Optical 
Switch 
Parasitic 
Stub/Diodes 
Reconfigurable modes: N = None, S = single, D = dual, CSRR = complementary split-ring resonators. 
* need > 4 mm high fiber-holder on top of the antenna 
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In comparison, the reported antenna is PIN diode controlled, requires less control power (≈ 40 mW 
max) and is completely planar, while still serving the on-demand band-rejection purpose. With this 
reconfigurability, this antenna shows promising potential for many applications and it adds more 
freedom to choose the operation mode as required by the UWB system or by the user in a 
WiMax/WLAN crowded environment. Thus, it will reduce mutual interference and improve link 
efficiency for nearby communication systems. 
3.6 Summary 
This chapter presented a frequency reconfigurable wideband antenna integrated with band-rejection 
reconfigurability function for on demand band-rejection in UWB applications. The antenna works in 
four modes: full UWB, individual WiMax or WLAN rejection and dual rejection (WiMax and 
WLAN). The design process and detailed analyses on the reconfiguration mechanisms are presented 
for better understanding the working principle. The potential of the developed antenna is investigated 
and compared with other band-rejection reconfigurable UWB antennas. As a simple concept 
presented with detailed analysis and flexible band-rejection capability, this concept can be 
incorporated and implemented in many other scenarios where selected rejection or on-demand 
rejection are anticipated. In the next chapter (Chapter 4), several designs of pattern reconfigurable 
antenna with different scanning steps for 360˚ beam-steering applications are presented.  
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Chapter 4.  Development of Pattern Reconfigurable Antennas for 360° 
Beam-Steering Operation 
 
4.1 Introduction 
Although the necessity of beam-steering in many wireless applications such as cellular and satellite 
communications, radar systems, remote sensing, and imaging systems etc. [15, 147, 148] can be met 
by phased arrays and diversity techniques [37, 172, 185], they generally require some complex 
controls, additional passive microwave devices and are of high-profile. On the other hand, the 
electronically steerable parasitic array radiator (ESPAR) antenna is another interesting concept, 
though it still has limitations of large antenna size (patch antennas) and/or high vertical profile 
(monopoles) [172, 184, 185, 187, 249, 250]. Thus, compact and low-profile configurations with 
simple controls are desirable for ease of system integration and fabrication. The pattern 
reconfigurable antennas are simple, low cost and preferred alternatives to these techniques. These 
antennas offer diverse performances and are efficient in noisy environments, robust to electronic 
jamming, and energy efficient as direct signals toward the intended directions, which is not the case 
with a fixed performance antenna [128, 138, 142, 181]. 
For most applications, the beam-steering antennas are expected to have 360˚ scanning range with a 
compact profile, less complicated control mechanism and cost-effectiveness. Usually, antennas that 
lack structural and control symmetry show limited scanning range. For example, the quasi-Yagi 
dipole array in [147] offers a scanning range of ±20˚ with a peak gain of 10 dBi, whereas the wideband 
antenna presented in [251] can scan ±90º in the azimuth-plane with a low gain (3.7 dBi). To increase 
the scanning range, the advantages of structural symmetry of cylindrical antenna configurations was 
investigated [38, 40, 175]. However, to get a 360˚ scanning, such designs become complicated, large 
in size and profile and costly, while also facing problems of low gain and efficiency. For instance, 
the diameter and profile of the substrate-integrated-waveguide (SIW) horn antenna in [38] are 4.6λg 
and 1.7λg (λg at the operation frequency) and they are respectively 1.1λg and 3.1λg for the frequency 
selective surface (FSS) array-based pattern steerable antenna in [40]. With such a big profile, the FSS 
array antenna has a maximum gain of 7 dBi in its narrow (<5%) bandwidth operation. On the other 
hand, the wideband SIW-horn in [38] utilises 64 RF switches and two 30 mm high bowl-shaped 
reflectors on the top and bottom sides of the antenna to maintain a gain of 7.1 to 9.7 dBi. Moreover, 
these 3D cylindrical structures require a dedicated structure assembly with a large number of 
switches. On the other hand, the antennas described in [70, 119] with reasonable size and more than 
5% bandwidth, have a limited gain of 5 dBi and 62-78% of efficiency. Most recently, a parasitic 
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sector-based 360° beam-steering antenna reported in [252], utilised grouped pin-diode switching and 
has notable results. However, it has a size of 2.52λg and height of 0.5λg, as it requires six vertical 
reflectors to achieve about 10 dBi gain. 
This chapter focuses on several pattern reconfigurable antenna concepts with 360° beam-scanning 
range, their implementation and performances. The aim is to design antennas with symmetrical or 
consistent reconfigurability at all states, lower size/profile etc. The antennas are presented 
sequentially in terms of their development, starting with a circular antenna with a 90° steering step; 
and then the antenna is improved for a 45° scanning step. Finally, another antenna on a circular 
configuration is developed which focuses on improving the antenna beam-directivity/gain and 
efficiency while having a comparatively compact size and low profile. All these antennas are 
compared with similar state-of-the-art antennas to clearly identify the improvements to and 
contributions of these antennas. 
4.2 Switchable Stub-loaded Pattern Reconfigurable Antenna with 90° Scanning Step 
The first design is a single-layer, four-state beam-steerable configuration with stable moderate gain 
and high front-to-back (FBR) ratio. It supports the IEEE 802.11 b/g standard 2.4 GHz frequency band 
that has been generally used for many wireless services (Wi-Fi, WiMax, WLAN, Bluetooth etc.). In 
the modern technology-based daily life, many wireless and electronic devices share this band, where 
interference with one another may occur that degrades the signal-to-noise ratio and data rates. 
Towards that, pattern reconfigurable antennas offer a feasible solution, considering their ability to 
switch beam direction to combat interference from other directions or to build improved MIMO 
networks [128, 138, 142, 151]. Furthermore, beam-steerable antennas can increase the diversity gain, 
reduce multipath fading, improve security and increase spectral efficiency [76, 138, 253]. 
4.2.1 The Antenna Configuration and Design Concept 
The antenna is realised on a circular FR4 substrate (h = 6.4 mm, ɛr = 4.6, and tanδ = 0.02) using 
microstrip printed circuit technology, as shown in Figure 4.1. The ground plane and the radiating 
element are printed on the two sides of the substrate. The design starts with a coaxial probe-fed 
circular disc (radius Ra) antenna on a finite ground plane (Rg) that shows a monopole-like radiation 
pattern. Since the disc mainly radiates in the upper hemisphere of the antenna aperture with a 
boresight null, the radiation pattern could be modified to produce tilted beams in different directions. 
This prospect is investigated by placing several tapered-edge stubs (length = Ls, width of its outer 
edge = Ws) radially symmetrically distributed around the centrally excited disc. It is observed that 
these stubs alter the current distribution and thereby affect the radiation and shift the resonance at a 
lower frequency than a design without stubs. The initial studies indicate that a symmetrical structure 
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is a better choice to achieve stable multi-state reconfigurability. From this starting point, the antenna 
reconfiguration proceeds through a parametric analysis and optimisation process to obtain the final 
structure shown in Figure 4.1. The monopolar pattern is altered to a tilted beam by creating specific 
nulls on the opposite side radiation with switchable stubs. This tapered shape is mainly used to control 
the beam tilt angle and width in addition to improving the impedance matching. 
 
Figure 4.1: Details of the reconfigurable antenna (a) configuration; and (b) fabricated prototype. 
To control the radiation to four specific directions, four PIN diodes D1, D2, D3 and D4 are connected 
between the outer edges of the stubs and the ground. The biasing circuit (see Figure 4.1) is realised 
using PIN diodes from Skyworks (SMP 1345-079LF) [247], 43 nH RF chokes (Coilcraft), 8 pF DC 
block chip capacitors (Murata) and a 2V DC supply. The RF chokes are used to isolate RF signal 
from biasing lines, whereas the chip capacitors are used to prevent the DC signal passing to the 
feeding source. To minimise any adverse effect from the biasing circuit on the radiator, quarter-wave 
long high impedance transmission lines are used to supply the DC voltage to the diodes. 
Biasing Circuit 
RFC 
Diode 
Capacitor 
DC voltage 
(a) 
(b) 
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4.2.2 Operation Principle of the Antenna 
The operation of the antenna can be explained as follows. For a certain direction of radiation, the PIN 
diodes of the three stubs in that and nearby directions are switched ON to ground those stubs, whereas 
the fourth stub on the reverse side of the radiation is kept open-ended by switching its PIN diode OFF. 
The stubs affect the surface current distribution of the disc and thus modify its overall radiation 
direction. The radiation in this case mainly comes from the two-side short-ended stubs, which 
represent a short-ended half-wavelength dipole. The open-ended quarter-wave stub has very low input 
impedance at its input, looking from the central disc (feeder), and thus effectively prevents any 
radiation in its direction of orientation. On the other hand, the short-ended quarter wavelength stub 
oriented at the target beam direction, has very high input impedance; thus, it does not prevent radiation 
in its direction and it actually improves the impedance matching.  
Since the main radiator (short-ended half-wave dipole) operates above a ground plane, the main beam 
is tilted at a certain angle from the boresight (normal direction). For instance, referring to Figure 4.1, 
in State A, D1 is ‘OFF’, D2, D3 and D4 are ‘ON’, so the main radiation beam is pointed at +x-axis 
direction (φ = 0˚) with a certain angle θ from the boresight. For practicality of the design, the 
deflection angle θ from the boresight is maximised so that four distinctive cases of radiation are 
realised. A highly titled wide beam enables the pattern reconfigurable antenna to provide wide beam 
coverage at the elevation plane. If that angle is very small, the radiation from multiple states will be 
almost completely overlapped in the boresight direction and thus they will eventually represent only 
a single beam radiation. Because of the structural symmetry of the design, the antenna acts in the 
same way in the other states (B, C and D) and thus directs the radiation beam to φ = 90˚ (+y-direction), 
180˚ (–x-direction), 270˚ planes (–y-direction), respectively, with the same deflection angle from the 
boresight direction. 
4.2.3 Design Parameter Analysis 
The antenna’s performance depends on its main design parameters (Ra, Ls, Ws, and Rg). Figure 4.2 
shows the effects of these parameter variations. The Ansys HFSS (upgraded as Ansys Electronic 
Desktop: finite element method based commercial electromagnetic simulator) [254] is used to tune 
the antenna’s performances by adjusting these physical parameters. By increasing Ra and Ls, the 
resonance (fr) moves to a lower frequency; FBR increases, but θ decreases. On the other hand, Rg has 
negligible effect on fr, but has some impact on the input impedance and the gain. If the design 
parameters are decreased significantly to increase θ, they cause adverse effects on fr, impedance 
matching, FBR, and gain. Observations indicate that fr is approximately defined by (Ra + Ls) = 0.25λg, 
where λg is the guided wavelength at fr. The parametric study on the effect of Ws on θ and the 
beamwidth is shown in Figure 4.2(e). The beamwidth and the deflection angle θ increases with Ws 
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till certain values, after which, it decreases again. However, it is found that if the values are selected 
as (Ra + Ls) = 0.25λg, and Ws = λg/12, the antenna is well matched at 2.4 GHz with maximum θ, 
moderate gain and high FBR. 
  
(a) Ra      (b) Ls 
  
(c) Ws        (d) Rg 
 
(e) 
Figure 4.2: (a)-(d) Effect of design parameters on the reflection coefficient S11; and (e) effect of Ws 
on the radiation beam. 
A summary of the parametric studies on the effect of the main design parameters is listed in Table 
4.1. It is evident that a tradeoff is needed among the parameters to achieve a reasonable overall 
performance. If, for example, parameters such as using a large ground plane to achieve the highest 
possible gain, are selected, the beam deflection angle decreases. From the parametric studies, the 
optimised dimensions are obtained to realise the following performance at fr = 2.4 GHz: more than 
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35˚ beam deflection angle (off the boresight), gain > 5 dBi and FBR > 20 dB. The optimised design 
values are: Ra = 9.95 mm, Ls = 4.1 mm, Ws = 4.8 mm, and Rg = 50 mm. 
Table 4.1: Antenna’s performance with variations in its design parameters 
Parameters Change fr |RL| Gain FBR Beam direction (θ) 
Ra ↑ ↓ ↓ ↑ ↑ ↓ 
Ls ↑ ↓ ↑ ↓ ~ ~ 
Ws ↑ ↓ ↑ ↓ ↑ ↓ 
Rg ↑ ~ ↓ ↑ ↑ ↓ 
 
4.2.4 Reconfigurable Performance Analysis 
The simulated antenna model is fabricated on a 6.4 mm FR4 substrate, as shown in Figure 4.1(b). 
The prototype is measured for validation of the antenna reconfigurability at all four states. Figure 4.3 
shows the simulated and measured S11 and gain profiles of the antenna. From the S11 responses in 
Figure 4.3(a), it is obvious that the resonance and bandwidth are almost the same for all four operating 
states.  
 
(a) 
 
(b) 
Figure 4.3: (a) S11 responses; and (b) gain of the designed reconfigurable antenna. 
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The gain profiles depicted in Figure 4.3(b) show that the antenna maintains more than 5 dBi gain with 
slight fluctuations across the operating band. In Figure 4.3(b), only the measured gain from one state 
is presented because of the structural symmetry, and for clarity of the view. To verify the effect of 
the utilised switching diodes on the gain, the simulated gain is also calculated when assuming ideal 
switches. Figure 4.3(b) shows that the antenna achieves more than 6 dBi gain in this case compared 
to the measured and realistic simulated gains of 5-5.3 dBi. This reduction in gain is thus due to the 
losses in the diodes’ parasitic elements. 
 
Figure 4.4: 3D radiation patterns (a) at each state; and (b) overlapped beams of the four states. 
 
Figure 4.5: Top view of the electric field distribution above the antenna aperture. 
 
Figure 4.4(a) demonstrates the simulated 3D radiation patterns obtained with the optimised 
dimensions. With each switching state, the single beam is directed to a specific direction as described 
in Table 4.1. In Figure 4.4(b), the total beam coverage by the antenna is shown by overlapping the 
Overlapped radiation 
beams from all states 
(Total beam coverage) 
A 
B 
C 
D 
(a) (b) 
State A State B State C State D 
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four state radiation beams that indicate a smooth gain transition between different states. Figure 4.5 
illustrates the electric field distribution observed at the resonance frequency at four operating states. 
At each state, the maximum electric field is spotted at a certain location, about 35˚ offset from the 
boresight. It decreases gradually when approaching the edges, but still remains stronger than that at 
the centre and other parts. The orientation of these field distributions complies with the antenna 
operating conditions and follows the beam-steering exactly. Additionally, it is observed that the 
surface current on the ground plane flows in the opposite direction to that at the top surface, thus most 
of the backward radiation is reflected to the front side and hence the directivity is enhanced. 
 
(a)     (b) 
Figure 4.6: Measured radiation patterns. (a) Elevation; and (b) azimuthal planes. 
 
The measured radiation characteristics at 2.45 GHz are shown in Figure 4.6 for all four operating 
states. In the elevation planes of φ = 0˚, 90˚, 180˚ and 270˚, the main beam is tilted about 36˚ (35˚ in 
the simulations) from the boresight direction (Figure 4.6(a)); whereas in the azimuth planes of θ = 
36˚ (see Figure 4.6(b)), the beam is rotated by 90˚ successively, based on the switching conditions. 
As the radiator is circular and the switchable stubs are symmetrically oriented around the disc, 
symmetry also exists in the radiation patterns in the azimuthal plane. The cross-components of the 
radiation are found to be below ‒18 dB at all states (shown in Figure 4.6(a)). The main beam is well 
defined in a certain direction with no grating or significant side-lobes indicating the negligible effect 
of any surface waves. The result is an FBR > 21 dB, as seen in Figure 4.6(b), under all the operating 
conditions. 
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Table 4.2: Measured performances in the four radiation states 
States BW(GHz) Main Beam (φ, θ) HPBW FBR (dB) Gain (dBi) 
A 2.38-2.53 (0˚, 36˚) 61˚ 22.15 5.32 
B 2.4-2.56 (90˚, 36˚) 60˚ 21 5.14 
C 2.37-2.52 (180˚, 36˚) 59˚ 21.85 5.34 
D 2.38-2.53 (270˚, 36˚) 60˚ 21.13 5.18 
 
Table 4.2 summarises the performance profile of the four-state direction selective antenna presented 
here. This antenna overcomes several margins of recent designs, such as the multilayer and large 
configurations of [37, 76, 138, 142, 151], the additional feeding and matching networks of [109, 150, 
151] etc. Besides, it has more reconfigurable states than the antennas in [59, 138, 145, 146, 151], 
which have a maximum of three states and larger beam deflection angle than the antennas in [37, 128, 
151], which have maximum angles of 22˚, 15˚ and 30˚, respectively. This antenna shows low back 
lobes, no side lobes, and maintains FBR > 21 dB, which are important features to be noted for 
reconfigurable antennas. The antenna efficiency is above 62%, which is more than, or comparable to 
the efficiency of the recent antennas in [113, 138, 145]. 
4.3 Reconfigurable Beam-Steering Antenna with 45° Scanning Step 
The four state 90° beam-steerable antenna concept is further extended for improving scanning 
performance. Achieving consistent reconfigurability (similar S11, stable gain and FBR etc.) at all 
states is always a desired feature. It is intended to design such a compact antenna with eight state 
reconfigurability (45° scanning step) for 2.4 GHz band, and applicable to WiMax/WLAN systems. 
4.3.1 Antenna Geometry and Working Principle 
The coaxial probe-fed circular disc (radius Ra) antenna is designed on a full grounded substrate (radius 
= Rg), as shown in Figure 4.7. The circular disc is uniformly surrounded by eight outward stubs with 
tapered ends. The angular distance between adjacent stubs is α = 360°/8 = 45°. The number of sectors 
can be increased by increasing the number of stubs, while maintaining structural symmetry. However, 
the performance parameters, such as resonance, gain, beam tilt angle etc., will need to be 
compromised. The stub’s rectangular portion has a dimension of La × Wa, while the tapered end’s 
width depends on δ. Eight PIN diodes (D1-D8) are used to switch the stubs’ connections and to 
control their operation. The biasing circuit for switching the PIN diodes (SMP 1345-079LF) is 
implemented on the same substrate using 43 nH RF chokes (RFC), and 8 pF DC block capacitors. 
About λ/4 long high impedance microstrip lines are used to supply the DC voltage to the diodes. 
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Figure 4.7: Antenna geometry and fabricated prototype with optimised parameters. 
 
To direct the main beam in a specific direction, the PIN diode in that direction and six other diodes 
on both of its sides are switched ‘ON’ to effectively short-end the relevant stubs, while the eighth 
stub in the opposite to the desired radiation direction, is kept open-ended by keeping its PIN diode at 
‘OFF’. As explained (in Section 4.2.2), having very low input impedance, and looking from the 
feeder, the open-ended quarter-wave stub prevents any radiation in that direction; in opposition, due 
to the high input impedance, the short-ended quarter-wave stub does not affect radiation in its 
direction. Thus, most of the field on the disc concentrates on the opposite edge of the open-ended 
stub, whereas the two adjacent grounded stubs have weak fields. Thus, the total radiated beam is tilted 
to the opposite direction of the open-ended stub. Besides, the short-ended stubs also help to improve 
the impedance matching at 2.4 GHz. So, being in two different states (grounded/open), the stubs alter 
the surface current distribution on the disc and result in modified radiation. For example, in State D1: 
D1 is ‘OFF’, D2-D8 are ‘ON’, so the antenna produces a tilted beam at +x-direction (φ = 0˚), with a 
beam tilting angle, θ (off the z-axis). By sequentially switching the PIN diode’s condition, the beam 
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can rotate at 45˚ steps in the azimuth plane with same tilting angle θ; thus, a total of eight individual 
beams (φ = 0˚ to 315˚/45˚) can be produced for 360° scanning. 
4.3.2 Design Parametric Analysis 
A parametric study is done on the design parameters Ra, La, Lb, and δ to check their effects and find 
the design compromise for optimum results. The tapered stubs’ total length is varied as Ls = La + Lb, 
while the width, Ws closely depends on the angle δ. Table 4.3 summarises the parametric study on the 
design parameters with respect to the optimum values. The objectives are to keep the resonance at 
2.4 GHz with excellent impedance matching and similar reconfigurable performances (gain, FBR, 
beam deflection etc.) at all states. 
Table 4.3: Summarised parametric study: effects of the design parameters 
Parameters Condition fr |RC| Peak Gain FBR Beam angle 
Ra > ↓ ↓ ↑ ↑ ↓ 
< ↑ ~ ↓ ↓ ↑ 
Ls > ↓ ↓ ↓ ↑ ↓ 
< ↑ ↑ ~ ↓ ~ 
δ > ↓ ~ ↑ ~ ↓ 
< ↑ ↓ ↓ ↑ ↓ 
‘↑’ = enhancement; ‘↓’ = deterioration; ‘~’ = slight variation from the optimised values; ‘fr’ = resonant 
frequency; and |RC| = reflection coefficients. 
 
The resonant frequency (fr) varies linearly with the design parameters, but |RC| (or impedance 
matching) responds differently. Increasing both Ra and Ls gradually lowers fr, but matching degrades. 
However, the matching improves with decreasing Ls and deteriorates with narrow tapered ends (small 
δ), while fr moves to higher frequency in both cases. Therefore, fr can be adjusted at 2.4 GHz by 
increasing δ and slightly decreasing Ra and Ls. However, δ cannot be increased excessively; 
otherwise, the spacing between adjacent stubs becomes narrow with a resultant deterioration in the 
reconfigurability performance of the antenna. The gain can be improved by increasing δ and Ra, whilst 
to keep the FBR at a certain level, higher Ra and Ls values are required. Reducing Ra increases the 
beam tilt angle, whilst it reduces the gain and FBR. 
If Ra is reduced to obtain a large beam deflection angle, it moves up fr and reduces the gain that can 
be adjusted by a larger value of δ. This reduction in Ra causes a reduction in the FBR which can be 
compensated for by increasing Ls. The increment of Ls, however, lowers the gain and the resonance. 
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Again, both gain and FBR can be improved with increasing Ra. So, considering these correlations 
among the parameters and to achieve the best possible combination, Ra and Ls are slightly increased, 
while δ is decreased slightly from  the separately optimised values (Ra ≈ 10 mm, Ls ≈ 7 mm, and δ ≈ 
63˚) to give 35˚ beam deflection off the boresight at 2.38 GHz. To achieve maximum beam tilting 
angle with moderate gain and FBR, a slight change in the resonance upon tuning the parameters is 
accepted. However, a well-matched resonance at 2.4 GHz is attainable by keeping δ ≈ 65˚ and 
selecting Ls to be about λg/4 (λg is the effective wavelength at 2.4 GHz).  Further increase in these 
parameters deteriorates the impedance matching since the aperture of the circular disc becomes larger 
and it thus disturbs the desired radiation characteristics. 
4.3.3 Multi-state Reconfigurability of the Antenna 
The optimised design parameters of the presented antenna are obtained as (in mm): Ra = 10.2, La = 
3.1, Lb = 4.3, Rg = 40, and δ = 60˚. Thus, the overall diameter of the antenna is about 0.64λ0 at 2.4 
GHz, which indicates a compact size compared to the antennas discussed in [37, 76, 138, 142, 151] 
at similar frequency band. With the optimised parameters, the antenna is fabricated as shown in Figure 
4.7 and the performance is tested using a vector network analyser in a far-field anechoic chamber. 
During the measurement, the PIN diode biasing voltages were controlled manually for lab testing 
purpose. However, they can be controlled using an integrated control chip/circuit or FPGA, 
depending on the system requirement on which it is integrated. The switching combination is simple 
and uniform; thus no complex control system is necessary to supply the bias voltage. 
 
Figure 4.8: S11 responses at eight operating states. 
 
Figure 4.8 depicts the simulated and measured reflection coefficients (S11) of the antenna. In the 
simulation, the resonance is at 2.4 GHz, while the measured resonance moves slightly higher to 2.45 
GHz. Despite this, the resonances and bandwidth are almost the same at all eight reconfigurable 
states. The measured operating bandwidth (S11 < - 10 dB) is 260 MHz covering the band 2.35-2.61 
62 
 
GHz. Since the eight tapered stubs are close to the central disc and the fabricated structure 
incorporates several lumped components, which themselves have some tolerances that cannot be 
exactly modelled in the simulator, the predicted S11 properties are slightly different from the simulated 
values. However, the antenna still covers more than the simulated bandwidth with good impedance 
matching in the band of interest. 
The E-field intensity is observed at 2.4 GHz on the xy-plane at a height of 1 cm above the antenna 
aperture, which is shown in Figure 4.9. The field distribution is subject to change in the operating 
condition. With each switching condition applied, the field changes its orientation and rotates at 45˚ 
step exactly as the placement of the open-ended stubs. At each state, the maximum electric field is 
spotted at a certain area which is off the boresight (beam deflection) and then decreases gradually 
when approaching the edges. This field distribution is conformal to the radiation properties and its 
orientation exactly follows the beam steering depicted in Figure 4.10. 
 
 
Figure 4.9: The orientation of the E-field at different switching conditions at 2.4 GHz. 
 
Figure 4.10 illustrates the 3D radiation plots to show the beam-steering at different operating states 
with eight individual beams. Switching of the PIN diodes changes the main beam direction. The 
deflection of the main beam from the boresight is also evident in the 3D patterns. The simulated and 
measured 2D radiation characteristics in the elevation planes (of φ = 0˚ to 360˚ at 45˚ step) and 
azimuth planes (of θ = 36˚) are shown in Figure 4.11. Based on the switching condition, the main 
beam is tilted at about 36˚ off the boresight direction in the elevation planes of φ = 0˚, 45˚, 90˚, 135˚, 
180˚, 225˚, 270˚ and 315˚, while it is rotated by α = 45˚ sequentially in the azimuth planes of θ = 36˚. 
D1 (φ = 0˚)  D2 (φ = 45˚)  D3 (φ = 90˚)  D4 (φ = 135˚) 
 
 
D5 (φ = 180˚)  D6 (φ = 135˚)  D7 (φ = 270˚)  D8 (φ = 315˚) 
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Figure 4.10: Three-dimensional gain patterns in the eight operating modes at 2.4 GHz. 
 
 
(a) 
  
                                         (b)            (c) 
Figure 4.11: Normalised gain patterns, (a) simulated at 2.4 GHz (top row - elevation plane and bottom 
row - azimuth plane); (b) measured (solid lines) at 2.45 GHz and simulated (dash lines) at 2.4 GHz 
(left - elevation plane and right - azimuth plane); (c) measured at 2.55 GHz in the elevation and 
azimuth planes (for State D3). 
D1 D2 D3 D4 
D8 D7 D6 D5 
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As the structure is symmetric along the both x- and y- axes, D5, D6, D7 and D8 states produce similar 
but opposite directed patterns as of D1, D2, D3 and D4, respectively. Thus, only the measured patterns 
for states D1, D2, D3 and D4 are presented. For comparison, the simulated patterns for States D2 and 
D3 are also included in Figure 4.11(b) beside the measured patterns. The simulation and measurement 
are well-agreed. Furthermore, as the measured S11 exhibit wideband performance, the radiation 
characteristics (both in the elevation and azimuth cuts) at the higher frequency of 2.55 GHz, are 
presented in Figure 4.11(c), where the antenna still shows acceptable reconfigurability. Thus, the 
measured results ascertain the beam reconfigurability of this antenna except for the presence of some 
back lobes. It is believed that the DC control supply to the PIN diodes using external wires affects 
the radiation slightly, causing some small back lobes in the measured patterns which are not seen in 
the simulation. Moreover, the fabrication tolerance and soldering imperfections cannot be ignored. 
In Figure 4.12(a) the antenna peak gain and FBR at the eight states, obtained from simulation (at 2.4 
GHz) and measurement (at 2.45 GHz) are presented. The simulated gain and FBR for each individual 
state remains almost the same at around 4.7 dBi and 20 dB, respectively, whereas the measured gain 
and FBR are slightly lower (around 4.5 dBi, and 18 dB, respectively). Figure 4.12(b) compares the 
simulated and measured gain and FBR across the frequency bandwidth for State D4. The maximum 
simulated gain and FBR are seen near the resonant frequency. 
  
(a)      (b) 
Figure 4.12: Simulated and measured gain and FBR of the antenna. (a) Peak gain and FBR at each 
operating state at 2.4 GHz; (b) gain and FBR across the operating frequency band (for State D4). 
 
The slight reductions in the gain and FBR are caused by the small back lobes in the measured radiation 
created by the PIN diode control circuit. Besides, the lumped elements added to the fabricated 
prototype have tolerances of their typical values, while the simulation only considers the typical 
values including the parasitic inductance and capacitance. However, the selected PIN diode has low 
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insertion loss (0.12 dB) and high isolation (15 dB) at 2.4 GHz frequency band. The radiation 
efficiency of the antenna is about 78% in the simulation and is estimated in the measurements to be 
about 70% at all the switchable states, based on the approximate formulae in [3]. Note that, without 
using any reflector or the back radiations limiting technique, this antenna still maintains high FBR 
and performance stability, which are important features and make it a good candidate for 2.4 GHz 
WiMax/WLAN applications. Compared to some of the recent designs, the presented single feed, 
single layer antenna is smaller than the antennas in [37, 76, 138, 142, 147, 151], has more 
reconfigurable states than the antennas in [37, 114, 138, 145, 151], larger beam tilting angle than the 
designs in [37, 128, 147, 148, 151], and does not demand any special feeding and additional matching 
networks as needed in [147, 148, 151]. 
4.4 A High Gain Pattern Reconfigurable Circular Antenna with 60° Scanning Step 
This section presents a 360°-beam-steerable circular antenna with relatively high gain (directivity) 
and efficiency yet that still has a low-profile. In this design, a switchable via-grounding technique is 
applied on a patch surrounded by edge-grounded sector-patches, while grounded arc-strips are utilised 
as folded ground. By utilising a simple PIN-diode switching system at the position of grounding-vias 
and the sectors, the radiaiton beam direction is switchable among six states. The antenna scanning 
beams uphold high FBR and high gain without any additional reflecting structure, and the 
performances are compared to those of similar state-of-the-art antennas in the literature. 
4.4.1 The Antenna Configuration and Design Concept 
4.4.1.1 Antenna Geometry 
The details of the antenna geometry are shown in Figure 4.13. The antenna consists of two substrate 
layers (Layer 1 and Layer 2), which are separated by an air gap of ha (Figure 4.13(a)). In Layer 1, the 
bottom side is the ground plane and the top side holds the sector-patches and the narrow arc-strips 
(Figure 4.13(b)). The main radiator, i.e the circular patch with radius Rp, is printed on the top of Layer 
2, while a matching shorted patch is printed at the bottom. Two Rogers Duroid/RT5870 substrates (ɛr 
= 2.33, tanδ = 0.0012, h1 = 3.175 mm, h2 = 1.575 mm) with same size of the ground plane (radius Rg) 
are used to realise this design.  
To keep the structure’s symmetry and 360˚ beam steering, the patch is excited with a 50-Ω coaxial 
feeding probe at the centre. Unlike the off-centre feeding where the impdedance matching is achieved 
by optimising the feed position, the matching is typically more challenging in this case.  Here, we 
take advantage of the multilayered structure to add a shorted patch printed at the bottom of Layer 2 
(Figure 4.13(c)). This scheme does not increase the design complexity, while providing a degree of 
freedom to control the input reactance due to the added inductance from the vertical conductive posts. 
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Figure 4.13: Configuration of the reconfigurable antenna and its biasing circuit details. 
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To direct the main beam, six sector-patches with inner and outer radii of Rmi and Rm are printed on 
the top side of Layer 1. More beam directions can be achieved by increasing the number of sectors. 
The sector-patches are grounded at their outer-edges by a pair of vias per sector. For pattern-
reconfigurability, two sets of PIN diodes are used, as shown in Figure 4.13(c). The first set, named S, 
connects each sector (on Layer 1) through a via to the circular patch (on Layer 2) and the second set, 
named G, connects the patch with the ground plane. To steer the beam to a specific direction, one 
sector is excited by turning OFF the corresponding PIN diode Si (while keeping others ON) and the 
two PIN diodes Gi, i+1 adjacent to Si are turned ON. With two G-switches ON, higher power is directed 
into the targeting direction providing higher directivity (see Section 4.4.1.2). A narrow arc-strip 
(radius of Rarc) is placed next to each sector-patch and directly grounded using vias to enhance the 
directivity (explained in Section II.B). The biasing circuits for controlling the diodes are located on 
Layer 2 (Figure 4.13(c)), where high impedance transmission lines are used to connect the DC supply 
pads. A total of 12 PIN diodes (6 G-switches to ground and 6 S-switches to sectors) are used, knowing 
that only 7 are required to be turned ON for a single operation. 
4.4.1.2 Design Concept and Operation Principle 
A circular patch antenna on a grounded substrate generally excites TM modes [255]. The electric 
fields in such a structure are perpendicular to the xy-plane and do not vary along the z-axis. In general, 
the fringing electric fields along the patch-edges are negligible, thus the antenna becomes analogous 
to a cylindrical cavity enclosed with electric layers on the top and bottom sides and a magnetic 
boundary on the round edge of the cavity [256]. The field distribution inside the cylinder cavity 
corresponds to the TMnm modes. The resonant frequency fr(nm) can be estimated by equation (4.1), 
where Rpe is the effective radius of the patch considering the fringing fields at its open edges, χnm is 
the corresponding zero of the derivative of the Bessel function [256], c is the free-space light-speed, 
h and ɛr are thickness and permittivity of the substrate. 
    𝑓𝑟(𝑛𝑚) =  
𝜒𝑛𝑚𝑐
2𝜋𝑅𝑝𝑒√𝜀𝑟
     (4.1) 
  𝑅𝑝𝑒 = 𝑅𝑝√1 +
2ℎ
𝜋𝑅𝑝𝜀𝑟
(𝑙𝑛
𝜋𝑅𝑝
2ℎ
+ 1.7726)   (4.2) 
 
The antenna is designed through several evolutions from a centre-fed circular patch antenna, as 
illustrated in Figure 4.14. First, it is well-known that a monopolar patch resonates with a symmetrical 
TM01 mode. Since the field is constant along the perimeter, it exhibits an omnidirectional radiation 
pattern. The directive pattern is obtained by providing directors, i.e. the sector-patches in the 
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presented design, similarly to a Yagi-Uda antenna [3, 145]. Figure 4.14(a) shows the antenna, with 
directors at all directions, whose pattern is still omnidirectional. Typically, the coupling field in each 
sector is small, which results in a marginal gain improvement, as can be understood from array theory 
[3, 257]. To increase the field magnitude excited in each sector, shorting vias are used at each sector’s 
edge. As shown in Figure 4.14(b), the fields at the sector-patches are stronger and the pattern becomes 
more directive in each direction of the directors. 
 
Figure 4.14: Evolution of the developed antenna (ϕ0 = 0° corresponds to x-direction). (a) A monopolar 
patch with all PIN diodes OFF; (b) Sector-vias and ground-vias are added (all PIN diodes still OFF); 
(c) G3 to G6 are ON while the rest is OFF; (d) G3 to G6 are ON and S2 are ON; (e) G4 and G5 are ON, 
all S-switches are ON except S5; and (f) final design with shorted arc-strip. 
 
To steer the beam in one specific angle, the corresponding sector is required to be excited with the 
strongest magnitude, while the field at other sectors is minimised. It is expected that having different 
PIN diodes turned ON can break the symmetry of the antenna. Thus, different combinations of G-
switches and S-switches are examined in Figure 4.14(c), (d) and (e), targeting a directive beam at ϕ0 
= 60°. Figure 4.14(c) shows the result when 4 G-switches (G3 to G6) are ON, while the rest are OFF. 
The pattern shows better directivity towards the sectors located between G3 to G6 (ϕ0 = 0°, 60° and 
120°).  To observe the effect of S-switch, Figure 4.14(d) shows the result when turning ON S2, i.e. 
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deactivating the sector opposite to the target direction. This eliminates the radiation at ϕ0 = 240°, as 
is evident from Figure 4.14(d), which shows an improved directivity at ϕ0 =60°. At this stage, the 
roles of S-switches and G-switches are well-understood. For the highest directivity, only one sector 
(S5 is OFF) is excited and the two adjacent G-switches (G4 to G5) are turned ON, as shown in Figure 
4.14(e).  
Finally, the shorted arc-strips are added in Figure 4.14(f). As a folded part of the ground plane, the 
grounded arc-strips increase the effective ground plane size and reduce the surface waves on the 
substrate, especially those  opposite to the main beam direction [258]. Thus, the side-lobes become 
lower and the directivity increases further as compared in Figure 4.14(d) and (e). It can be confirmed 
that the fields are much stronger in the radiating sector patch. 
4.4.2 Key Design Considerations 
The resonance of the circular patch is initially predicted by equations (4.1) and (4.2). The resonant 
frequency (fr) of the antenna is relative to Rpe and depends on the permittivity (ɛr) of the structure. 
Thus, in this two-layer design, the effective permittivity (ɛeff) and the heights are influential on the 
resonance. For this design, ɛeff = 1.63 is estimated based on equation (4.3), where (h1, ɛr1) and (h2, ɛr2) 
are the parameters of respective substrate layers [259]. 
𝜀eff =
𝜀𝑟1𝜀𝑟2(ℎ1+ℎ2)
𝜀𝑟1ℎ2+𝜀𝑟2ℎ1
     (4.3) 
The presented design allows reduction of the antenna size while providing room to add a 
reconfigurability scheme and improve the antenna performance. In this section, antenna matching is 
discussed first, followed by discussion of the optimisation of directivity and side-lobe level. The final 
antenna parameters in (mm) are h1 = 3.175, h2 = 1.575, ha = 2.4, Rg = 40, Rp = 17.8, Rbp = 9.4, a = 
0.76, rvia = 0.5, Rm = 34, Rmi = 19, sx =11, Rarc = 41, sarc = 15, garc = 2, Ls = 2.4, Ws = 4, α = 39º.  
A. Impedance Matching 
The shorted matching patch adds a balanced inductive-capacitive effect at the input and thus improves 
the impedance matching, as depicted in Figure 4.15(a). The variation of Rp against h with the aim to 
keep the resonance fr fixed at 5.8 GHz (λg ≈ 41 mm), in both cases (with or without the matching 
patch), is shown in Figure 4.15(b). The resonant resistance Rres is also plotted to understand the 
matching improvement. Increasing Rp lowers the resonance, while variation of h weakens the 
impedance matching. In contrast, Rp is reducible by increasing h. The impedance matches to nearly 
50 Ω at h ≈ 0.17λg, whereas above h = 0.2λg, it degrades gradually. Thus, for good matching, h and 
Rp are mutually compromised. Besides, the difference between the curves for different Rp at the 
matching point (h ≈ 0.17λg) is an indicator of the effectiveness of the shorted matching patch, as a 
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relatively smaller Rp (about 20% less) is required for the same resonance. After this point, Rres 
deteriorates as h increases. However, the position of the shorting posts (a = dsp/Rbp) on the matching 
patch and the patch ratio, p = Rbp/Rp have to stay within a certain range as they control the effective 
patch area outside Rbp. It is emprically found that values of p ≈ 0.5, Rp ≈ 0.4λg and a = 0.7~0.8, can 
provide reasonable matching at a desired frequency. 
 
(a)      (b) 
Figure 4.15: Effects of the shorted matching patch on (a) impedance matching; (b) optimising (Rp, h) 
for reaching Rres = 50 Ω at a fixed fr, (patch: circular patch, matching: with the matching patch). 
 
B. Directivity Improvement and Side-lobe Reduction 
Figure 4.16 depicts the impacts of the sector-patches on enhancing the directivity (D). The sector 
patches couple the energy from the radiating patch and due to their constructive radiations, D is 
enhanced by about 2.3 dB.  
 
Figure 4.16: Enhancement of D using the sector-patches with different h profiles. 
 
Here, the sector-patches contribute in several ways: (i) edge-grounded sectors with vertical vias 
provide additional inductance and capacitance to lower the resonance, (ii) the small gap, gs enhances 
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the coupling between patch and sectors, and thus lowers the resonance, and (iii) the vias’ location, 
not being in the interior of the sectors, improves the radiation efficiency. The sector’s dimensions are 
roughly predicted as, Rl ≈ 0.34λg, and Rmi ≈ 0.5λg, while the proportion of Rmi/Rm is maintained within 
0.48~0.58. 
 
(a) 
 
(b) 
Figure 4.17: Impact of the arc-strips and air-gap (ha, ranges from 1 to 4.5 mm) on (a) fr and D; and 
(b) radiation of the antenna (solid lines: with arc-strips, dotted lines: without arc-strips). 
 
Figure 4.17(a) shows the directivity improvement and variation of fr for different air-gaps (ha) when 
using the grounded arc-strips. The constructive effects of the arc-strips on the radiation directivity are 
observed (increasing trends with different ha). When ha = 0.06λg, D (with arc-strips) is increased to 
9.3 dB at the resonance as the HPBW drops by more than 43% (from 85.5˚ to 48.8˚). Additionally, fr 
is slightly increased with increasing ha, while the high directivity is due to the consistent narrow 
beam-width (≈ 34˚). Being on the outer-most periphery of the antenna, the arc-strips do not have 
much influence on the antenna resonance profile. As the radiation patterns show in Figure 4.17(b), 
while the main-lobe is intact, the arc-strips suppress the spurious radiations and limit the side- and 
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back-lobes. This condition holds reasonably true for ha = 1 to 5 mm with negligible change in the 
beam direction. Thus, this technique is practical for controlling spurious radiation, improving the 
front-to-back ratio (≈18 dB) and the radiation efficiency (≈ 84%). 
4.4.3 Antenna Operation and Results Analysis  
The fabricated prototype of the antenna is detailed in Figure 4.18. Two Rogers RT/Duriod 5870 PCBs 
are printed separately and then stacked together (with ha = 2.4 mm) by placing 3X nylon spacers at 
120˚ apart. The PIN diode (MACOM MA4AGFCP910) [260] that provide an OFF-state capacitance 
of Ct = 0.018 pF and ON-state series resistance of Rs = 5.2 Ω is used in this design. These values are 
used in the simulation for accurate prediction of the antenna performance. The diodes are individually 
controlled with an integrated external DC biasing arrangement on the antenna back side, with a 
common supply. To avoid RF and DC bypassing to the undesired parts of the antenna, Lb = 22 nH 
RF chokes are placed on the DC input pad, while Cb = 8 pF chip capacitors are used along the patch-
edge for DC blocking. 
 
Figure 4.18: Details of the fabricated prototype antenna. 
 
Figure 4.19 presents the simulated and measured reflection coefficient (S11) characteristics for three 
operating states, i.e. with the main beam at φ = 60º, φ = 180º and φ = 300º. The simulated impedance 
bandwidth with the realistic basing circuit model is 7% (5.61 – 6.02 GHz), whereas it is about 10% 
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in the ideal switching case. The measured bandwidth (at S11 < -10 dB) of the prototype antenna ranges 
from 5.78 GHz to 6.2 GHz, with a fractional bandwidth of 7%. All modes show identical bandwidth, 
and thus the resonance characteristics are consistent as modelled and simulated. There is a small shift 
in the measured resonance of the tested antenna compared to the simulated model, which is attributed 
to fabrication and assembly errors. 
 
Figure 4.19: Measured vs simulated S11 of the developed antenna configuration. 
 
(a) 
 
(b) 
Figure 4.20: Simulated radiation patterns at six reconfigurable modes: (a) 2D patterns in the elevation 
plane; and (b) superimposed 3D patterns. 
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The simulated radiation characteristics at 5.8 GHz (for all six reconfigurable modes) are presented in 
Figure 4.20. The beam-steering is consistent in all directions while scanning azimuthally in the whole 
360˚ plane. The superimposed beams in Figure 4.20(b) show the distinctive beam-steering feature of 
the antenna. The beam-steering characteristics are measured at 5.9 GHz (center frequency of the 
measured bandwidth) in an anechoic chamber. 
 
Figure 4.21: Measured radiation patterns of the antenna prototype. 
Figure 4.21 depicts the measured and simulated radiation patterns in the θ-plane of the antenna when 
steering the beam into φ = 0˚ and φ = 180˚ directions. In the measurement, the side-lobe radiation 
becomes slightly higher at about 70° from the main lobe due to the slight imperfection of the near-
field probe used in the measurements. The small lobes and nulls on the back-side of the antenna are 
negligible as they are low and do not affect the beam-steering performance. The 3-dB beamwidth is 
about 50˚ and 55˚ in measurement and simulation, respectively. The measured beam direction of θ = 
24˚ in the respective φ-plane is close to the simulated values of θ = 28˚. 
 
Figure 4.22: Measured vs simulated gain and directivity of the fabricated antenna. 
Figure 4.22 shows the measured and simulated realised gain and directivity of the fabricated prototype 
in its operating state, i.e. 7 PIN diodes are ON. The peak directivity measured is 8.76 dB (at 5.9 GHz), 
(a) Simulated vs measured plot of 2D patterns 
(φ = 0˚, and φ = 180˚) 
(b) Measured 3D radiation pattern (φ = 180˚) 
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while it is about 9.21 dB (at 5.8 GHz) in the simulation. As observed, the simulated and measured 
peak gain are about 8.56 dBi and 8.1 dBi, respectively. The measured in-band efficiency (calculated 
using the measured values) is approximately 84%, which is reasonable for switching reconfigurable 
antennas. Most of the losses come from the internal resistance (Rs) of the PIN diodes, which is 
expected to improve with higher-quality diodes that could provide very low Rs and Ct. 
4.4.4 Comparative Study with Similar Antennas 
A comparative study is carried out between the presented antenna and similar reconfigurable antennas 
in Table 4.4. Here, for rationalisation, similar types of circular antennas that maintain scanning 
symmetry are compared. It is noted that more sectors can be used in this new design to give more 
switching modes, as achieved in [38, 40, 68, 175]. Having more operating modes requires the 
inclusion of more diodes, which increases the design complexity and the antenna size/profile, which 
in turn limits the gain/efficiency of the design. Since this type of antenna’s aim is to provide high-
gain switchable beams, the high-gain antennas in Table 4.4, i.e. [38, 40, 175, 261] can be compared.  
Table 4.4: Comparison of recent circular reconfigurable antennas 
Ref. D (λg) × H (λg) Nm p/ Nd Reflector Peak Gain 
(dBi) 
FBR η (%) 
[70] 1.33 × 0.08 4 1/4 No 5 20 62 
[38] 4.6 × 1.73 16 32/64 Yes 9.7 NG 75 
[40] 1.1 × 3.1 10 68/170 Yes 7 30 NG 
[175] 0.7 × 4.0 12 30/72 Yes 13 NG NG 
[261] 2.52 × 0.5 6 9/18 Yes 10 NG NG 
[68] 2.04 × 0.01 16 NA Yes < 0 10 NG 
[262] 1.71 × 0.04 6 6/12 No 3.52 NG 46 
[201] 1.42 × 0.35 2 32/64 Yes 4.4 < 15 NG 
This work 1.95 × 0.17 6 7/12 No 8.1 18 84 
D = diameter, H = height, Nm = number of modes, p = minimum number of diodes in operation per 
mode, Nd = total number of diodes, η = peak efficiency, NG = not given, NA = not applicable. 
 
All of these antennas require a considerably large profile and/or reflector. In the third antenna 
design, the profile is reduced, while maintaining the highest efficiency compared to other 
designs in the list. Other low-profile antennas have significantly lower gain [68, 70, 262] and 
low efficiency. Therefore, overall, this new antenna offers a compact package of 360˚ beam-
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steering in six steerable states, provides a relatively high gain and high efficiency with a 
reasonable antenna profile without using any reflecting structure. 
4.5 Summary 
This chapter focused on designing consistent and symmetrical beam-steering antennas based on 
several concepts. The antenna design and analysis are presented with simulation and supporting test 
results obtained from the prototype measurement. These design concepts are realised with simple 
electronic control techniques, single-feed excitation and without any reflecting structure towards 
achieving multi-state consistent reconfigurability. At first, the concept of single-fed circular antenna 
with switchable stubs was presented for 360° beam-steering. This antenna was further improved with 
smaller scanning step, that gave more operating states. Based on PIN diode switching, these antennas 
generated pattern reconfigurability, scanned the main beam sequentially in the 360° azimuth plane 
(φ-rotation) at 90° and 45° steering steps respectively, for four state and eight state antennas. The 
third design was intended to achieve high directivity 360° beam-steering antenna with consistent and 
symmetrical reconfigurability. Several techniques were incorporated that improved antenna 
impedance matching with a smaller patch size, and increased the antenna gain and efficiency. The 
detailed analysis presented was validated with prototype testing. At the end of each design analysis, 
the developed antennas were compared with state-of-the-art antennas to uncover both the limitations 
and the advantages of the presented antennas and their techniques, as achieved in this research. 
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Chapter 5.  Development of Antennas with Integrated Multiple 
Reconfigurability Functions 
 
5.1 Introduction 
In this chapter, several antenna concepts are presented having multiple reconfigurability features 
integrated in one configuration. This chapter is divided into three main sections. Firstly, a wideband 
beam-steering antenna is investigated to address the general bandwidth limitation of pattern 
reconfigurable antennas. Secondly, the antenna concept is modified and improvised to implement a 
tunable antenna featuring both frequency tunability and 360° pattern reconfigurability. Finally, 
another concept of multiple reconfigurability is presented based on a tunable patch antenna and 
parasitic dipole array. The final antenna has dual-polarisation, frequency tunability and high-gain 
beam-steerability in dual-vertical planes. The design concepts, antenna development, analyses and 
comparative studies are presented successively for each of these antennas. 
5.2 A Compact Antenna with Dual Reconfigurability Functions 
The first design presented here is a wideband pattern reconfigurable antenna. When most of the 
studies generally attempt to increase the number of reconfigurable states or beam-steering direction, 
the limited bandwidth of these antennas becomes another issue [37, 39, 104, 138, 141, 142]. Focusing 
on the bandwidth, several wideband beam-steering antennas have recently been reported that feature 
different slotted configurations [76, 149], slot-line transitions [171], monopole/quasi-Yagi antenna 
[71, 145] and so on. The wideband operation in these antennas achieved by compromising the antenna 
size [76, 145, 149, 171], variable reconfigurable performances in different states [71, 263] or limiting 
the number of states [71]. There are always some trade-offs in achieving uniform reconfigurability in 
multiple states while retaining wideband and using a low physical profile. This section presents a 
compact reconfigurable antenna aiming to address the above said limitations and compromises.  
5.2.1 Initial Design of the Reconfigurable Antenna 
A circular disc monopole of quarter-wave diameter on a finite ground plane is the primary choice for 
obtaining wideband frequency response. To develop such a wideband compact structure, a half-disc 
or tapered shape radiator over a quarter-wave long ground can be used. These configurations have 
omnidirectional radiation in the H-plane. Dividing the half disc into two quarter-wave radial sectors 
is investigated in this work as a way to obtain sectoral coverage. Moreover, inspired by the Yagi-Uda 
antenna, a pair of quarter-wave parasitic elements is introduced at both sides of the radiator to alter 
the radiation direction depending on their grounded (reflector) or ungrounded (director) status. 
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5.2.1.1 The Configuration and Design Concept 
The geometry of the designed antenna and the fabricated final prototype are shown in Figure 5.1. 
This antenna has a central microstrip feeder, two flared radiators (Rad-1 and Rad-2), one semi-
circular truncated partial ground plane, and two horizontally aligned parallel parasitic strips (Strip-1 
and Strip-2). The whole structure is symmetric along the y-axis. The feed line and the radiators are 
on the top side, while the parasitic strips are on the grounded side of an FR4 substrate (h =1.6 mm, εr 
= 4.5 and tanδ = 0.02). The opening edges of the radiators are arc-shaped and oriented at φ = 45˚ and 
φ = 135˚. 
 
Figure 5.1: Details of the reconfigurable antenna (a) geometry; and (b) test prototype. 
 
The positioning of the radiators and the truncation on the ground are useful to get current distribution 
that eases the beam steering along four φ-planes, with proper action of the strips. Besides, the radial 
shaped radiator and the truncated ground provides a wide impedance matching band. Apparently, this 
structure may seem similar to a fixed beam asymmetrical dipole antenna [264]. However, the two 
have dissimilar shapes and alignment with the radiator and the ground. While the proposed antenna 
cannot be simply introduced as a monopole antenna, its radiator has some similarity to the wideband 
disc monopole antennas, but produces end-fire beams due to the mutual interaction between the 
bottom strips and the top radiator. The design parameters of the optimised structure using the Ansys 
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HFSS are (in mm): Lg = 20.7, Wg = 36, Ls = 22.1, Ws = 1, Le = 3, Lf = 33, Wf = 2.9, Lr = 12, d =17. 
The size/profile of the antenna is as compact as 36 × 48 × 1.6 mm3 (0.48λe × 0.64λe × 0.02λe at the 
lowest frequency). 
Four PIN diodes SMP1345-079LF (from Skyworks) are modelled for switching with Rs = 1.5 Ω at 
ON state and Ct = 0.17 pF at OFF state as per the datasheet [247]. D1 and D2 are used to activate one 
of the radiators, whilst D3 and D4 are used to select the reflector and director strips. A certain 
combination of these switches produces radiation in a specific direction. The PIN diodes are 
combined in such a way that a forward-reverse interlock always exists between the diodes on the 
same layer of the substrate. D1 and D2 have common supply points, but the polarity of each is reverse 
to  the other, and thus while one diode is forward biased, the other one is automatically reverse biased 
with the same DC supply. Similarly, D3 and D4 diodes are biased with a common supply but in an 
opposite way to each other. Thus, the interlock connection is between the diodes on the same layer, 
D1 and D2 or D3 and D4. This arrangement ensures a good transmission in the activated side, and 
better isolation of the deactivated part. Furthermore, this combination adds low radiation loss, 
requires fewer DC supply ports, and consumes little DC power.  
The DC biasing arrangement for driving the diodes is designed on the empty space of the ground 
layer, as shown in Figure 5.1. The biasing network is fairly simple and implemented using three 22 
nH RF chokes on the bottom layer, and three 27 nH RF chokes and one 7 pF chip capacitor on the 
top layer. Very thin (0.1 mm) and slightly short (<0.25λe) microstrip lines are used for DC supply to 
reduce biasing circuit losses and spurious radiation, and thus they do not affect the antenna operation. 
A 2 V DC supply, 10 mA forward biasing current is required for forward biasing the diodes, which 
is provided through a series 100 Ω current limiting external resistors. Each state requires only two 
diodes to turn ON, thus they consume very little DC power (40 mW).  
5.2.1.2 Operation of the Antenna 
Based on the diode biasing, the antenna operates at four states: S1, S2, S3 and S4. Table 5.1 shows 
biasing requirement for each state. The ground-side parallel strips follow a ‘Push-Pull’ concept to 
modify the beam direction. When a strip is grounded, that side becomes electrically longer than the 
other side, thus acts as a reflector (pushes the radiation); whereas the side with the open-ended strip 
operates as a director (pulls the radiation to its direction). Therefore, by activating one flared radiator 
and then alternately selecting the director strip, the beam is steerable in two directions. Repeating this 
for the other radiator gives two more beam steerable states. For example, in state S1, when D1 and 
D4 are forward biased, D2 and D3 become reverse biased; thus, Rad-1 is activated, Strip-1 and Strip-
2 become director and reflector, respectively. In this case, the radiation from Rad-1 is pushed away 
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by the reflector Strip-2 and pulled by the director Strip-1; thus, the main beam is directed to the +x-
axis (φ = 0˚ plane). By simply changing the biasing supply polarity, the whole process will be 
reversed, and the main beam will align along the φ = 180˚ plane, which is the state S4. 
Table 5.1: PIN diode biasing conditions for beam-steering 
States D1 D2 D3 D4 Beam Direction 
S1 On Off Off On 0˚ 
S2 Off On Off On 45˚ 
S3 On Off On Off 135˚ 
S4 Off On On Off 180˚ 
 
Similarly, the beam can be steered to φ = 45˚ and φ = 135˚ direction by applying the biasing conditions 
of S2 and S3, respectively, without changing the structure and any other parameters. However, the 
distance d affects the resonance frequency, bandwidth and radiation pattern due its effect on the 
coupling between the top radiator and bottom strips. It also helps achieve directive beam along the x-
axis. Thus, d is set at λe/4 to achieve optimum impedance bandwidth with four directive beams that 
have moderate gain (≈4 dB) in the main direction. Any change of this parameter from the optimised 
value, results in poor impedance matching, less directive beam and/or lower gain. 
5.2.1.3 Pattern Reconfigurable Performances 
Figure 5.2 shows the measured and simulated reflection coefficients (S11) of the antenna. The 
impedance bandwidth (S11 < -10 dB) covers 1.93-2.74 GHz (810 MHz, 35%) in simulation, while the 
measured bandwidth is 1.88-2.64 GHz (760 MHz, 34%) at all operating states. The simulated and 
measured S11 quite closely agree, thus the wideband response of the antenna is validated. 
 
Figure 5.2: Simulated and measured reflection coefficient for all modes. 
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Figure 5.3: Surface current distributions in different operating states at 2.4 GHz (black circles: diodes 
switched ‘ON’). 
 
The operation of the antenna is supported by the surface current distributions in the four operating 
states, as illustrated in Figure 5.3. The activated radiator has strong current density, especially along 
its edges; whereas the disconnected radiator has low but even current density on its surface. While 
one of the radiators is excited, the other one acts as a parasitic element and the coupling between them 
gives comparatively flat impedance response, resulting in a wide bandwidth. On the ground, the 
current density on the lower side and along the upper edge connected to the grounded strip is higher 
than that at their interiors. The currents gradually flow along the truncated edges and then follow the 
upper edge of the ground. This current distribution adds extra resonance, which interacts with the top 
elements’ frequency response and eventually widens the impedance bandwidth. However, the 
currents on the grounded strip (reflector) and the activated radiator’s edge have opposite direction, 
which weakens the radiation on that side. In contrast, the director’s current flows in the same direction 
as the radiator current, which strengthens the radiation on its side. Therefore, with different switching 
conditions, this current distribution is altered, dense currents change their position and eventually 
switch the antenna’s radiation direction. 
Figure 5.4 depicts the normalised patterns at the four switching states, measured in a far-field 
anechoic chamber in the azimuth and respective elevation planes at 2.0 and 2.4 GHz. In the azimuth 
plane (θ = 90˚), the radiation beams are aligned along φ = 0˚, 45˚, 135˚ and 180˚ in S1, S2, S3 and 
S4, respectively. This indicates that as the switching conditions change, the main beam follows the 
activated director’s side, and thus changes direction accordingly. In the elevation planes of φ = 0˚ 
(S1), φ = 45˚ (S2), φ = 135˚ (S3), and φ = 180˚ (S4), the antenna radiates strongly at θ = 90˚. The 
y 
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measured cross-polarisation is about -20 dB with a slight difference (1~2 dB) between the φ-cut 
patterns and the θ-cut patterns due to the presence and non-uniform position of the DC biasing wires 
during the antenna rotation. In the elevation plane, the cross-polarisation is slightly higher in the 
orthogonal direction, mainly due to the horizontal components of the surface currents along the 
ground plane edge. Despite these small discrepancies, the measured and simulated patterns are well 
agreed. 
 (θ = 90˚)  (θ = 90˚)    (θ = 90˚)    (θ = 90˚) 
 
 (φ = 0˚)  (φ = 45˚)    (φ = 135˚)    (φ = 180˚) 
 
(a) State S1  (b) State S2  (c) State S3  (d) State S4 
Figure 5.4: Measured radiation patterns at 2 GHz (red curves) and 2.4 GHz (green curves) (Solid lines 
represent co-polar and dotted lines represent cross-polar components). 
 
Figure 5.5: Comparison of the simulated and measured gain of the reconfigurable antenna. 
Figure 5.5 plots the gain over the bandwidth. Across the band (1.88-2.64 GHz), the gain is stable at 
around 3 dBi (simulation) with a peak value of 4 dBi at 2.4 GHz. The measured gain (for state S1) is 
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more than 2.8 dBi across the band, with a peak of 3.7 dBi at 2.4 GHz. Despite slight gain reduction, 
the measured and simulated gain have a similar trend. The radiation efficiency of the antenna is more 
than 82% (simulation) and it is about 60% (in measurement) as estimated by the formulae [3]. The 
loss is believed to be due to the active elements in the circuit of a compact antenna. Nonetheless, the 
pattern reconfigurability in the four operating states is well preserved. 
5.2.2 Modified Design Integrated with Multiple Reconfigurability Functions 
The concept of multiple reconfigurability has opened many new prospects for antenna applications, 
especially for modern communication devices which are multi-functional and compact. In the recent 
literature, antennas with integrated controllable features have been explored in various ways to 
provide multiple reconfigurability [222, 226, 265]. Many of such antennas switch the frequency to 
different bands, but do not feature actual frequency tunability along with their beam-steering 
capability (±20˚ to ±30˚) [229] [228]. Some attempts have been reported with 20% tuning range (TR) 
and two radiation modes [230] or 10% TR of a dual-resonance mode and beam-steering range of ±23˚ 
[232]. There are scopes to propose antennas with integrated multiple reconfigurability with a larger 
TR and extended beam-scanning range (as high as possible). Such an antenna is developed in this 
research that has compact size and profile, large tunable frequency range and wide beam-scanning 
range. Furthermore, it is also tunable for single-, dual- and wide-band operations. Towards these, the 
initial antenna discussed the in previous section [104], which was focused on a wideband beam-
steering operation, is modified and improvised. This improved design has a) multiple 
reconfigurability; b) tunable operation; and c) nearly 360˚ azimuthal beam-scanning. 
5.2.2.1 Antenna Configuration and Operation 
A. The Antenna Geometry and Design Concept 
The modified configuration of the antenna is shown in Figure 5.6. The top layer radiators (Rad-1 and 
Rad-2) are now modified as two triangular-arc rings (Ring1 and Ring2) and the narrow strips (Strip1 
and Strip2) remain on the bottom layer. However, the edge-truncated ground plane is re-structured 
and a 0.8 mm thick FR4 substrate (ɛr = 4.4, tanδ = 0.02) is used in this design. The PIN diodes (D3, 
D4) on the groundside parasitic strips are replaced with a set of varactor diodes (Cv1 and Cv2). They 
play a key role in the beam-scanning operation. The length of the strips is adjustable through two 
independently switchable PIN diodes (DR, DL) for keeping their self-resonance out of the antenna 
TR. From the end of the 50-Ω microstrip line, two U-shaped branches are extended for matching 
between the radiating rings and the feeding line. The excitation signal is divided here and fed to the 
desired section of the antenna through another set of varactor diodes (Cv3 and Cv4). These diodes 
control the input impedance at this point, thus technically tune the resonant frequency of the antenna. 
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Figure 5.6: Geometry and biasing details of the compound reconfigurable antenna (the diodes are 
encircled) and its fabricated prototype. [length unit: mm. L = 50, W = 40, lf = 27.5, wf = 2.9, Rr = 12.6, 
lm = 17.25, ls = 23.2, l’s = 14.4, ws = 1, s = 18.67, lh = 14.84, lg = 26.75, wg = 40, α = 68°, β = 30°]. 
The complete biasing network for tuning the varactor diodes and the PIN diodes are arranged on the 
backside open-space, as shown Figure 5.6(c), to limit any distortive effect on the antenna. The reverse 
bias tuning voltage (VR: VR1, VR2, VR3 and VR4) is supplied via a series connection of Rb = 1 MΩ and 
Lb = 100 nH, to Cv1, Cv2, Cv3 and Cv4. On the other hand, the PIN diodes (DR, DL) are forward biased 
with VF1 = VF2 = 1.5 V DC, If = 10 mA via RF-chokes of Lb = 100 nH. For blocking any DC current 
to the RF circuit, two DC-blockers Cf = 8 pF are placed on the parasitic elements. For perfect isolation, 
DC pads are connected with the RF path via very narrow (high impedance) lines and RF-chokes. In 
the fabricated prototype (see Figure 5.6(d)), the black, red and blue wires supply the biasing voltage 
to (Cv1, Cv2), (Cv3, Cv4) and (DR, DL), respectively. The biasing voltages on each diode are separately 
controlled; thus, this arrangement gives freedom to explore more reconfigurable characteristics out 
of their combination. Apart from that, simultaneous biasing of similar diodes is still possible, if 
needed, for a limited operating condition. 
B.  Operation Principle 
The operation of the demonstrated antenna is basically controlled by the varactor diodes. For the 
tunable operation, the varactor model: MACOM - MA46H120 [266] is chosen, which has a tuning 
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range of Cv = [0.149 - 1.304] pF. The tunable capacitance of the varactor (Cv) varies with the reverse 
bias voltage (VR) following equation (5.1) given in [267] as 
𝐶𝑣 =
𝐶𝐽0
(1+𝑉𝑅 𝑉𝐽⁄ )
𝑚 + 𝐶𝑝𝑎𝑟     (5.1) 
which considers the parasitic effect (Cpar), junction capacitance (CJ0), built-in voltage (VJ) and 
sensitivity (m) due to the voltage variation; and the parameters were tested in [268]. The frequency 
tuning range at S11 ≤ -10 dB is defined as TR [%] = [(ftu – ftl)/ftc] × 100, where ftu and ftl are the upper 
and lower limits and ftc is the centre frequency of the tunable frequency band. 
The excitation from the main feeding line is divided into two sections, where Cv3 and Cv4 control the 
impedance at the input of the radiating rings. The transmission characteristics from the feeding port 
to the input of the rings, when tuning Cv3, are plotted in Figure 5.7(a). With increasing Cv3, the signal 
transmission at Ring1 gradually increases and becomes distinctively higher than that at Ring2, since 
Cv4 is fixed at the lowest value. With a smaller value of Cv4, the reactance becomes higher, which 
then reduces the transmission at Ring2. 
  
(a)      (b) 
Figure 5.7: (a) Transmission characteristics at the inputs of the rings when Cv3 is tuned and Cv4 is 
fixed. (b) The impedance matching (real and imaginary parts at the tuned resonance) when the 
resonance (fr) varies as a function of Cv3.  
The resonant frequency (fr), is a function of the impedance matching characteristics at the feeding 
point of the radiating rings. At this junction, the input impedance has a high inductive reactance that 
has to be compensated by capacitive reactance, which is provided by a series varactor, Cv3 (or Cv4). 
By adding tunable capacitive reactance, the varactor minimises the reactive portion of the input 
impedance across the tuning range (TR). Thus, the matching point becomes tunable as a function of 
the varactor (Cv3 or Cv4), and fr moves and follows the same trend across a wide frequency range. 
Figure 5.7(b) indicates the impedance (real and imaginary) at fr where ftl < fr < ftu tuned by Cv3. As fr 
goes lower with increasing Cv3, ftl fully depends on the maximum tuning range of the varactor model. 
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Another interesting feature of the antenna is its dual-band and wideband operation beside the 
narrowband tunability. When both Cv3 and Cv4 are simultaneously tuned from their low and high 
range, they produce two different resonances within the tuning range. Further tuning of Cv3 and Cv4 
brings the resonances closer, which results in a wider band. 
The beam-steering operation needs a combination of all the varactor diodes. The top varactors Cv3 
and Cv4 are primarily responsible for selecting the beam coverage area (+x or –x direction) on the 
azimuthal plane, whereas Cv1 and Cv2 are mainly tuned to steer the beam direction. Depending on the 
variable reactance resulting from Cv1 and Cv2, the role of the parasitic strips is reversed between the 
reflector and director. The grounded strip reflects, while the open-strip plays as the director. When 
Cv1 is high and DR is turned ON, the full-length of Strip1 (ls) is shorted to the ground plane and acts 
as a reflector. In contrast, Cv2 is low and due to the high impedance with the ground plane, Strip2 is 
open-ended, thus acts as a director. With this principle, different beam-scanning conditions are met 
by regulating the radiation from the rings (Cv3 and Cv4) and changing the strips’ roles (Cv1 and Cv2). 
5.2.2.2 Main Design Parameters 
A. The arc-ring radius (Rr) and radial opening angle (α) 
The arc-ring radius, Rr is an important parameter for the resonance behaviour of the antenna. Figure 
5.8(a) shows the S11 profiles for example cases when Cv3 = 0.75 pF (other varactors are fixed at 0.15 
pF), and Rr is variable. Variation of Rr changes the current path on the ring, thus, fr is selectable at a 
lower or higher frequency band. For a big variable range of Rr (8.6 to 16.6 mm), the resonance remains 
at S11 < –18 dB, i.e. fr stays well-matched. Thus, the arc-ring radius adds the freedom to shift the 
operating band up or down as required, while still preserving the antenna tuning range. Likewise, the 
angle α controls the length of the arc-ring but it makes somewhat less of a contribution to the 
resonance behaviour (see Figure 5.8(b)). Although the beam direction is not affected by the variation 
of Rr and α, high values at these parameters are prone to add some negligible radiation from the non-
excited ring side due to their reduced separation from the strips. Here, Rr = 12.6 mm and α = 68° are 
chosen for optimum results. 
 
(a)      (b) 
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(c) 
Figure 5.8: Effects of (a) Rr, (b) α, (c) β, are significant for selecting the suitable frequency band and 
improving the matching or reflection level. 
B. Angular gap (β) between the rings 
The gap (β) is adjustable from 0° to 50° for selecting the resonant frequency, and as shown in Figure 
5.8(c), the reflection level (S11) improves with higher β. At the closest gap (β = 0°), the parasitic 
coupling between the rings lowers the resonance (fr = 2.27 GHz, S11 = –15.5 dB). As β increases, the 
coupling reduces, thus fr moves to higher frequency and the matching at Ring1 improves. As such, at 
β = 50°, the antenna resonates at fr = 2.52 GHz with S11 = –30 dB. The close proximity of the ring 
and the feeding branches (β = 50°) or between the rings (β = 0°) can cause unwanted radiation 
although the beam direction is stable as the effect of β is less dominant. For optimum performance, 
the suitable range is β = 30°~40° (to keep the rings away from each other and from the U-branches). 
This gives stable S11 characteristics across the tuning range, which is a desired but difficult feature to 
achieve in a tunable antenna. 
5.2.2.3 Frequency Tunable Characteristics of the Antenna 
The frequency tuning operation is performed by tuning Cv3 (or Cv4). The impedance matching at the 
feeding of Ring1 is regulated by tuning Cv3 (impedance is high at Ring2, as Cv4 is low); thus the 
resonance characteristics are tunable by Cv3 only. Similarly, when only Cv4 is tuned in the other case, 
it also gives the same TR. In the first case, the radiation is mostly directed in the +x-direction, while 
the direction is –x in the second case. 
Figure 5.9(a) depicts the actual and measured tuning range of the antenna. As analysed, the resonant 
frequency is tunable from 2.02 to 2.82 GHz by tuning Cv3 (or Cv4) from 0.15 to 3.9 pF. Outside this 
range, the impedance matching deteriorates as the capacitive reactance becomes very high or too low 
to hold the matching, thus the reflection at the input becomes high. The actual TR for this 
configuration is 33% and the measured TR is 24.7%, within the practical range of the varactor, and 
they are well agreed. Figure 5.9(b) shows the simulated and measured S11 characteristics within this 
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range. The adoption of the arc-ring radiator instead of a bow-tie shape increases the upper limit of 
TR, where ftu moves from 2.77 GHz to 2.82 GHz with this ring shape. 
   
(a) Actual vs measured tuning range   (b) Narrow band tunability 
 
(c) Single-, dual- and wide-band tuning 
Figure 5.9: (a) frequency TR by tuning Cv3 (similar results for tuning Cv4); (b) single frequency tuning 
within the practical limit of Cv3 = [0.149–1.304] pF; and (c) selectivity of single-, dual- and wide-
band operation. 
 
Beside the single band operation, the antenna can be tuned for dual and wideband operation as 
demonstrated in Figure 5.9(c). With certain combinations of Cv3 and Cv4 (as shown in the plot), the 
antenna shows some flexibility in adjusting its operating bandwidth, which is a unique feature. For 
example, the antenna operates in dual-band mode (at 2.25 and 2.62 GHz) when Cv3/Cv4 ≈ 0.35, and 
it operates in a wideband mode (2.25–2.52 GHz) when Cv3/Cv4 ≈ 0.55. For frequency reconfigurable 
operation modes, only one diode between Cv3 and Cv4 should be tuned. Thus, Cv1 and Cv2 are kept 
fixed at the lowest value (for maximum reactance), while both DR and DL are turned OFF. Keeping 
the PIN diodes OFF helps to keep the strip’s self-resonance away from the single band tuning range. 
During the measurement, the required amount of reverse bias voltage is supplied as estimated by 
equation (5.1).  
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5.2.2.4 Pattern Reconfigurable Performances of the Antenna 
For beam-steering operation, the tuning combination of all four varactor diodes is applied. As they 
are individually tunable, Table 5.2 lists their combinations for some of the beam-scanning states. The 
scanning is divided into two zones along the y-axis line (90˚–270˚) on the 360˚ azimuthal plane, 
depending on the excited radiating ring and grounded strip. At beam steering state S1, Ring1 is excited 
(Cv3 = 1.3 pF), Strip1 directs and Strip2 reflects (Cv1 = 0.15 pF, Cv2 = 1.3 pF), the beam is at φ = 
330˚. Similarly, with the opposite combination, the beam is steered to φ = 210˚. The combination of 
the diodes manipulates (reduce/enhance) the radiation direction, resulting in an almost one-directional 
pattern. 
Table 5.2: Conditions for beam-steering within the varactor tuning range. 
States Cv1 (pF) Cv2 (pF) Cv3 (pF) Cv4 (pF) Beam Direction (φ) 
S1 0.15 1.3 1.3 0.15 330˚ 
S2 0.15 1.3 1.3 0.65 0˚ 
S3 0.15 1.3 0.15 1.3 45˚ 
S4 1.3 0.15 1.3 0.15 135˚ 
S5 1.3 0.15 0.65 1.3 180˚ 
S6 1.3 0.15 0.15 1.3 210˚ 
S7 0.15 0.15 1.3 1.3 205˚, 335˚ 
 
 
Figure 5.10: Simulated and measured S11 characteristics in beam-steering modes. 
Figure 5.10 depicts the performances of the antenna when operating in the beam-scanning modes 
listed in Table 5.2. The antenna operates at around 2.3 GHz although the bandwidth varies in different 
states, as the impedance matching relies on the varactor capacitances. At S2, Cv4/Cv3 = 0.5 (Cv3/Cv4 
= 0.5 at S5), the bandwidth is maximum (Simulation: 2.15–2.57 GHz, Measurement: 2.21–2.55 GHz) 
due to the overlapping of two resonances, as explained previously. Besides, as DR and DL are ON, 
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the strips have a parasitic resonance effect, which increases the bandwidth. However, comparatively, 
a narrow bandwidth (2.31–2.5 GHz) is obtained at state S7 when both rings resonate and radiate in a 
similar way to produce a bi-directional beam. 
    
S1   S2   S3   S4 
   
S5   S6   S7 
(a) Simulated 3D radiation patterns 
 
(b) Measured 2D radiation patterns (normalised) 
Figure 5.11: Radiation performances at the beam scanning operation modes. 
In Figure 5.11 the radiation patterns (2D and 3D) at the beam-scanning states S1-S7 are presented. 
The beam is steerable in nearly the 360° range of the azimuth plane (S1-S6), whereas a bi-directional 
beam is observed at S7. Within the tuning range and the tuning combination of the diodes, it is 
possible to generate more beams around the antenna. Since the antenna is compact and the radiating 
rings are quite close to each other and the feeding lines, the radiation beams are broad and can be 
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improved further by sacrificing the compactness. The discrepancies in the measured results can be 
attributed to the fabrication and soldering imperfections beside the tolerance of the DC supply when 
tuning the varactor. Particularly, in the case of the beam-steering states, all four varactors must tune 
properly, which can be managed with a sophisticated DC control circuit, to avoid any fluctuations. 
5.2.3 Comparison with Other Antennas 
The initial wideband beam-steering antenna is compared with similar recent pattern reconfigurable 
antennas in [104]. Several wideband antennas reported in [145, 149, 171] have larger size and fewer 
working modes, or variable gain responses at different states [37, 59, 149]. Unlike these, the antenna 
in [141] shows higher gain with a larger profile, though it has limited bandwidth. Therefore, this 
compact antenna concept and simple reconfiguration technique are both applicable to designing 
wideband antenna with consistent reconfigurability. Based on this proof of concept, an improvised 
tunable antenna concept is presented next. This antenna includes some important aspects: a) multiple 
reconfigurability, b) tunable operation, and c) nearly 360˚ azimuthal beam-scanning.  
Compared to the recent compound reconfigurable antennas, the modified and improvised single 
element-based tunable design features a better and more compact package. It is smaller (0.27λ0 × 
0.34λ0 × 0.005λ0) than the array-type antennas in [229] (3.2λ0 × 2.3λ0 × 0.07λ0) and [232] (1.08λ0 × 
1.15λ0 × 0.01λ0), and has a comparatively wider tuning range (33%) than [229] (10%) and [232] 
(25%). Besides, it has a unique capability to operate in single-, double- and wide-band modes. 
Furthermore, the beam-scanning range is large (≈360˚) compared to the other antennas (±20˚ [229], 
±30˚ [228] and ±23˚ [232]). Though, being a single element-based compact design, the gain is 
obviously lower (2.5 dBi) than the referred array antennas (≥5 dBi). Nonetheless, this validated 
concept can be applied for designing antennas with higher gains or making an antenna array. Taking 
advantage of the tunable combination of diodes via a rigorous optimisation process, more operational 
states are possible within the range. Moreover, by changing the varactor’s tuning range, this concept 
can be adopted for other frequency bands as well. 
5.3 A High Gain Tunable Patch Antenna with Multiple Reconfigurability Functions 
The previous antenna concepts were focused on wideband reconfigurability with single and multiple 
functions. However, despite having some unique features, those antennas have moderate gain 
characteristics. This section presents another multiple reconfigurability antenna with stable high gain 
and consistent performance at all states. Microstrip patch antennas are well-known for their excellent 
radiation characteristics, ease of fabrication and integration; they are light-weight, low-profile etc. 
Thus, a patch antenna is studied for realising multiple reconfigurability functions - frequency 
tunability and beam-steerability characteristics. 
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5.3.1 The Antenna Configuration and Design Concept 
Generally, a patch antenna is a linearly polarised broadside radiator. The characteristics of a 
microstrip patch antenna depend on the patch size (length = lp, width = wp), feed location (fx, fy), and 
properties of the base dielectric material (permittivity, εr and loss tangent, δ). It contains two open-
ended radiating edges at about one-half wavelengths apart, which mainly contribute to the antenna 
radiation. For a rectangular patch, the fundamental resonant frequency, fr is given as [2] 
𝑓𝑟(𝑚𝑛) =  
𝑘𝑚𝑛𝑐0
2𝜋√𝜀𝑟
     (5.2) 
𝑘𝑚𝑛 =  √[(
𝑚𝜋
𝑙𝑝
)
2
+ (
𝑛𝜋
𝑤𝑝
)
2
]    (5.3) 
Here, kmn is the wavenumber of the TMmn mode on a dielectric material with relative permittivity (εr) 
and c0 is the free-space light speed. The patch dimensions can be approximated using the classical 
formulas given in [256], which take into account the fringing fields effect along the edges. 
5.3.1.1 Concept of Reconfigurability 
To obtain symmetrical and consistent reconfigurable features, a square patch is considered here. As 
shown in Figure 5.12, the square patch antenna (lp = wp) can be fed along the x- or y-axis with an 
offset at (fx, 0) or (0, fy)) to excite one of the fundamental modes (TM10 or TM01) in the respective 
direction. The resonance frequency (fr) of a patch antenna can be controlled by adding shorting posts 
at appropriate positions along the radiating patch-edges [269, 270]. On the other hand, reactive 
loading around patch-edges can alter the wavenumber (kx, ky) in the direction of main-polarisation 
[231, 271].  Now, adding variable reactances with appropriately placed shorting posts on a patch, the 
frequency of the antenna becomes variable. Based on this concept, the patch antenna is loaded with 
ground-shorted posts through variable reactive components on its radiating-edges (see Figure 
5.12(a)), which can provide frequency tunability across a wideband.  
Feeding the antenna at (0, fy), the y-oriented mode is excited, the radiating-edges (±y-direction) are 
loaded with a set of variable capacitors (varactor set, C1) on both sides of the patch. In this case, fr is 
controlled by changing the capacitance of C1. Similarly, the resonance of the x-oriented mode is 
tunable by exciting the antenna at (fx, 0) and controlling the varactor set, C2. As the patch already has 
an integrated frequency tunable mechanism, the beam-steering mechanism needs to be designed 
separately, so that they can be independently controlled and do not conflict with each other. Parasitic 
patches or pixelated layers can be used in different ways to steer the beam of an antenna [142, 145]. 
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However, it is intended to incorporate a less complicated, low-loss and separately controllable beam-
steering mechanism.  
 
Figure 5.12: Conceptual presentation of the antenna reconfiguration techniques. 
 
Towards that, a group of segmented parasitic elements (dipole-array) is used around the radiating 
patch at a certain height above it and the patch-parasitic coupling is utilised for implementing beam-
steering capability (see Figure 5.12(b)). The dipole-like elements have varactors (Cdy1 and Cdy2) 
inserted at their middle to add tunability. For a single port excitation (ProbeX), the dipole elements 
(orange colored) placed in parallel to the E-plane (xz-plane) of the patch, couple radiated energy at 
their edges from the antenna. In a normal case, the orange dipoles on both edges are equally coupled, 
thus the radiation remains broadside. If the resonant length of the parasitic dipoles is different on two 
sides of the patch, the longer one (Dx1 > Dx2, if Cdy1 >> Cdy2) experiences higher coupling with 
antenna (having the same length as the antenna); thus the overall radiation becomes focused on that 
side (towards -y, if Cdy1 >> Cdy2), and broadside radiation becomes weaker. Taking advantage of the 
varactor tunability, this anticipated control on the dipoles for beam-steering is easily achievable. The 
concept is extended for the alternate dual-feed scheme to generate both x- and y-oriented polarisation 
modes and thus to have beam-steerability along both axes. 
5.3.1.2 Details of the Antenna Geometry 
The full configuration of the developed antenna (including biasing connections) is depicted in Figure 
5.13. The design parameters of the antenna are (in mm): lp = 37, d = 12, fx = fy = -8.35, rvia = 0.25, ld 
= 38.3, wd = 10, ds = 4, Da = 35, hg = 7. The antenna consists of two 100 × 100 mm
2 substrates (εr = 
y 
x 
fy 
Varactor 
fx 
Feeding 
C
2
 
C
2
 
C
1
 C
1
 
x 
y 
(b) patch with parasitic dipole array  
Driven 
patch 
(a) patch antenna alone  
ProbeX 
 
C
dy1
 C
dy2
 
Dx1 Dy2 
Dy1 Dx2 
Shorting post 
l
p
 
w
p
 
z 
φ 
94 
 
2.2, and tanδ = 0.0009), with thicknesses of h1 = 3.175 mm (lower substrate) and h2 = 0.787 mm 
(upper substrate).  
 
 
Figure 5.13: A detailed view of the antenna design and its biasing configurations. (a) Lower/patch 
layer; (b) upper/parasitic layer; and (c) side view of the prototype antenna.   
 
In this two-layer design, the tunable square patch (driven element, lp = wp) is designed on the top of 
the grounded substrate (lower layer). The low permittivity substrate (εr = 2.2) is electrically thin 
enough (h1 = 0.012λ0 < 0.07λ0) to avoid any surface-wave losses [2]. The coaxial-probes (ProbeX and 
ProbeY), located at (fx, 0) and (0, fy) away from the patch-centre, are used to excite the antenna 
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asynchronously. Three pairs of shorting posts are loaded on each edge at a distance, d = lp/3 from 
each other, that adds the frequency tunability of the excited mode (x- or y- orientated). The increased 
number of shorting posts gives a bigger frequency tuning range. Instead of adding long open-ended 
stubs as in [231], which need almost three times the added space, directly grounded posts next to the 
patch are used to uphold the antenna compactness. 
To maintain polarisation symmetry and avoid introducing cross-polarisation the grounded posts 
should be added in symmetrical pairs about the central axis. The varactor group C1 is at the y-edges 
and the other group C2 is at the x-edges, each of which connects the shorting post next to it. The pad 
in between the varactor and the shorting post pad is used for DC biasing, while a DC block capacitor 
(Cb = 20 pF) is placed before the post (as indicated in Figure 5.13(a)). As the varactors are set into 
two groups, only two DC sources (V1 and V2) suffice to control their tunability. Since the electric field 
at the centre is null for both x- and y- orientated modes, the centre of the patch is DC grounded, which 
does not affect the radiation mode. The upper substrate layer contains eight parasitic dipole elements 
(ld × wd) on both sides of it, arranged in four pairs on the four sides of the driven patch (see in Figure 
5.13(b)). As indicated, the top dipole array (cyan color) is positioned in parallel to the ±x-radiating 
edges, while the bottom array (orange color) is positioned in parallel to the ±y-radiating edges. The 
parasitic layer is located at hg above the driven patch so that the dipoles can absorb more energy from 
the broadside radiation of the patch and reradiate it in a certain direction. If the parasitic dipoles and 
driven patch are on the same layer, the coupling will be low, as the antenna radiates in the broadside 
direction. Thus, the height hg is optimised and maintained for improved coupling. Since the substrate 
is very thin (h2 = 0.003λ0), all the dipoles on both sides are still well coupled; thus, the antenna 
operation remains same.  
A total of eight varactor diodes (Cd1 to Cd8) is used and each pair of dipoles is tuned together, thus a 
maximum of four DC sources (Vd1 to Vd4) is required for biasing the parasitic layer diodes. As part of 
DC biasing circuits and to improve RF isolation, very high RF chokes (Lb = 100 nH) and biasing 
resistors (Rb = 1 MΩ) are used on both layers, as in Figure 5.13. The varactor models should have a 
package of low series resistance (Rs) and high capacitance tuning ratio (Cmax/Cmin). For C1 and C2, 
Cmin is carefully selected to be as low as possible since the former have direct impact on fr, and a 
much higher value of it would excite higher order modes where the antenna would lose its wide 
tunability. On the other hand, Cd1 to Cd8 can be chosen freely if they have a very high Cmax/Cmin ratio 
to ensure well tuning of the parasitic radiation. Thus, C1 and C2 are modelled as the MACOM - 
MA46H120 (Cmax/Cmin = 9.28, Rs = 2 Ω) [272] while the Skyworks - SMV1281-079LF (Cmax/Cmin = 
12.46, Rs = 1.7 Ω) [273] is considered for Cd1 to Cd8. 
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5.3.2 Operation Principle of the Antenna 
For tuning the resonant frequency of the antenna, the varactors on the radiating edges (either C1 or 
C2) are tuned from 0.14 to 1.3 pF. When the driven patch antenna is excited with ProbeY, it works at 
the y-oriented mode, so the edges in the ±y-directions are radiating. Thus, tuning the varactor group, 
C1 changes the effective length of the antenna in y-direction, hence the wavenumber, ky of the mode. 
Due to the variation of the wavenumber (or resonant length), the resonance becomes a function of 
this variable capacitance, and shifts as the length varies with varying C1. In this case, C2 is kept fixed 
at the lowest value, 0.14 pF (ideally, should be C2 = 0), thus the non-radiating edges are open-circuit 
as in a normal patch antenna and it does not change the tunability of the excited y-oriented mode. 
Similarly, the resonance of the x-oriented mode is tunable by the other varactor group (C2) when 
ProbeX is excited. Note that, during the frequency tuning operation, the parasitic dipoles are not tuned 
and the capacitance of the varactors on the top layer (Cd1 to Cd8) should be the same. This is to ensure 
stable broadside radiation characteristics from the antenna at all tunable frequencies, which is shown 
in the next section. 
The total radiation of the entire model is the combination of the radiation caused by the driven patch 
and parasitic dipoles. Tuning the varactor changes the surface current distribution on the dipoles and 
manipulates the electromagnetic coupling between the patch and the dipoles. For steering the beam 
in a projected direction, the varactor pair (from Cd1 to Cd8) on that side is tuned to Cmax, while the 
other pairs are tuned to Cmin. The chosen varactor has (Cmin, Cmax) = (0.69, 13.3) pF. The dipole arrays 
with Cmax become highly coupled (strong current density) and radiate strongly, thus producing a tilted 
beam in that direction. The magnitude of the surface current on the dipoles with Cmin becomes small 
and the dipoles contribute very little to the overall radiation pattern. When ProbeX is excited, tuning 
the varactor pair Cd1 and Cd3 to Cmax, and tuning the other pair (Cd2 and Cd4) to Cmin, the active radiators 
(patch and dipoles, Dx1) together tilt the main beam maximum at ‒θmax in -y-direction (φ = 90˚ plane). 
For the reverse case, the main beam is tilted at +θmax in +y-direction (φ = 90˚ plane). Tuning the 
varactor pairs together on both sides (Dx1 and Dx2), the beam is steerable within ‒θmax to +θmax in 
the φ = 90˚ plane. Similarly, the beam can be steered within ‒θmax to +θmax in the φ = 0˚ plane (±x-
axis), by exciting ProbeY and tuning the varactor pairs (Cd5 and Cd7 or Cd6 and Cd8). Thus, the antenna 
radiation is easily steerable along both axes (φ = 0° and φ = 90° planes). 
5.3.3 Reconfigurable Performances of the Antenna 
5.3.3.1 Frequency Tunable Characteristics 
As resonant frequency is directly related to patch size and feeding position, which are physically 
fixed, the frequency tunability of the antenna is also limited within a range. Thus, the tunable 
capacitor (C1 or C2) is the main controller of the antenna resonance. Figure 5.14 depicts the simulated 
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and measured frequency tuning performances of the antenna when ProbeY is excited. Considering 
S11 < ‒10 dB in Figure 5.14(a), the antenna is tunable from 1.2 to 2.18 GHz (57.99%) for a tuning 
range of 0.15 to 1.65 pF for C1 (or C2). However, for the available ratio Cmax/Cmin = 9.28 of C1 (or 
C2), the TR is 1.38 to 2.18 GHz (44.94%), which is still wide compared to many of the state-of-art 
frequency tunable antennas [118, 230, 232]. Figure 5.14(b) plots the TR (fr vs C1 or V1) which shows 
almost linear frequency tunability across the whole tunable band. The measured TR agrees very well 
with the simulated results. 
 
 
(a) Tuning of fr by C1 (same results obtained for C2) (b) Tuning range of the antenna 
Figure 5.14: Frequency tuning performances of the patch-parasitic dipole array antenna. 
 
The 2D and 3D radiation patterns for the y-oriented mode at different resonant frequency within the 
turning range of C1, are shown in Table 5.3. As expected, the antenna strongly radiates in the 
broadside direction ((θ = 0°) and the patterns are stable across the tuning range in both planes (φ = 0° 
and φ = 90°). Since the parasitic dipoles (Cd1 to Cd8) are not tuned at all, the radiation from the original 
patch mode is preserved. Moreover, the parasitic dipoles enhance the broadside gain of a small patch 
due to their symmetric and stable coupling with the main radiator on the bottom layer, although slight 
gain loss is observed at the lower frequency, which is reasonable for such a big TR. As the physical 
size of the antenna is fixed, the radiation efficiency is slightly reduced at the minimum tunable 
resonance. Although their stability is preferred, it is often noticed that with frequency tuning, the 
radiation patterns of the antenna tend to deviate from their original shape.  
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Table 5.3: 2D and 3D radiation patterns at tuned fr when C1 varies 
Freq. 2D radiation patterns 3D radiation patterns 
1.9 GHz 
  
1.65 GHz 
  
1.49 GHz 
  
1.38 GHz 
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1.29 GHz 
  
 
Figure 5.15: Radiation patterns at the frequency tuning modes (a) at the tuned resonance; and (b) at 
the resonant and non-resonant frequencies. 
 
Figure 5.15 illustrates the difference in the radiation characteristics at resonant and non-resonant 
frequencies. Figure 5.15(a) plots the radiation patterns at the tuned resonance, which indicates strong 
and stable broadside radiation, while in Figure 5.15(b), the radiated power is much lower when 
moving away from the resonating frequency. This is a useful feature as the antennas have highest 
gain at the resonance frequency only and it degrades at other bands. 
5.3.3.2 Beam-Scanning Performances of the Antenna 
The second function of the antenna is beam scanning along φ = 0° and φ = 90° planes. Following the 
operating principle presented above, only the parasitic dipoles (Cd1 to Cd8) are tuned for steering the 
beam off the broadside direction. For scanning in the φ = 0° plane (±x-direction), ProbeY is excited 
and the dipole pairs (Dx1 and Dx2) in parallel to the y-axis, are tuned to Cmax = 10⁓13.3 pF and Cmin 
= 0.6⁓1 pF respectively, depending on the anticipated beam direction. Because of the tuning 
capacitance, the impedance at the midpoint of the dipoles becomes very high or low, and accordingly, 
the surface current density on these dipoles varies. Table 5.4 lists the tuning conditions for six 
(a) (b) 
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significant beam-steering states. To keep good impedance matching and resonance of the patch stable, 
the varactors on the patch layer (C1 and C2) are kept fixed at the minimum value of 0.15 pF.  
Table 5.4: Beam-Steering Configurations (Cmax = 10⁓13.3 pF, Cmin = 0.6⁓1 pF). 
States Feeder Cd1 Cd2 Cd3 Cd4 Cd5 Cd6 Cd7 Cd8 φ θ 
1 
ProbeX 
Cmax Cmin Cmax Cmin Cmin Cmin Cmin Cmin 90° -30° 
2 Cmax Cmax Cmax Cmax Cmin Cmin Cmin Cmin 90° 0° 
3  Cmax  Cmax Cmin Cmin Cmin Cmin 90° +30° 
4 
ProbeY 
Cmin Cmin Cmin Cmin Cmax Cmin Cmax Cmin 0° -30° 
5 Cmin Cmin Cmin Cmin Cmax Cmax Cmax Cmax 0° 0° 
6 Cmin Cmin Cmin Cmin  Cmax  Cmax 0° +30° 
 
 
Figure 5.16: S11 responses at the beam-scanning modes. 
Figure 5.16 shows the S11 responses at the six significant cases of beam-scanning operation. At the 
states with θmax scanning angle (States #1, #3, #4, and #6), the antenna operating bandwidth (BW) is 
2.34-2.62 GHz (11.29%), while in the broadside mode (States #2 and #6) that is slightly narrow 2.38-
2.58 GHz (8.06%). Thus, the overlapped BW is 8.06%. In the broadside mode, all the parasitic dipoles 
are tuned with the same capacitance, thus the impedance matching is slightly affected and loses a 
fraction of its BW. When the beam is steered at θmax = ±30°, the coupling level between the dipole 
arrays on the directing and non-directing sides is very high and low, respectively. The directing 
dipoles work at full resonant length (high Cd), thus are highly coupled, while the less coupled dipoles 
are short of length due to the high impedance (low Cd) at their centre. This gives 3% higher BW in 
States #1, #3, #4, and #6 than the broadside modes (States #2 and #6). 
The radiation patterns for the ±x-scanning (φ = 0˚ plane) and ±y-scanning (φ = 90˚ plane) are plotted 
at 2.45 GHz in Figure 5.17(a) and (b), respectively. Due to the patch-parasitic strong coupling, the 
antenna shows high gain and stable patterns at the scanning modes. The separation between the 
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substrate layers is optimised for improved coupling while preserving the beam-steerability. Besides 
having structural symmetry and identical frequency tuning range, the antenna scans symmetrically 
along both axes/planes. Figure 5.17(c) presents the 3D patterns, where the beam-steering is more 
evident for each case of target direction. The scanning patterns in both planes are identical and 
maintain a high gain (>8 dBi, 9 dBi at θmax) across the tuning range. In accordance with the current 
design scheme and available low loss varactor tuning range, this antenna can scan a stable beam 
within a range of θmax = ±30° (off the boresight, from ‒θmax to +θmax) in both φ = 0˚ and φ = 90˚ 
azimuth planes. 
    
(a) x-axis or φ = 0° plane    (b) y-axis or φ = 90° plane 
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 x-axis scanning (φ = 0°) y-axis scanning (φ = 90°) 
(c) 
Figure 5.17: Beam-scanning performances, (a) along the x-axis or φ = 0° plane; (b) along the y-axis 
or φ = 90° plane; (c) 3D radiation patterns at beam-scanning modes. 
 
As the tuning mechanisms in frequency and beam-scanning modes are independent, they do not 
mutually contradict. Thus, multi-functional reconfigurable antenna (both frequency tuning and beam-
scanning) is realised in one structure, ensuring smooth tuning in each case. 
5.3.3.3 Polarisation of the Antenna 
Having a dual-feed scheme, the antenna obviously supports two linear polarisation in the two 
principal planes (φ = 0° and 90°). Although these two principal modes are utilised for frequency 
tuning and beam-steering operations, the antenna is still feasible for generating some other 
polarisation modes (diagonal/45° etc.) by synchronising the input ports and controlling their input 
phases by external means. However, inclusion of an additional feeding/matching network for antenna 
reconfiguration is not a commonly accepted practice, thus it is not included here. Rather, the 
reconfigurability achieved only with integrated reconfiguration mechanisms (as defined in Chapter 
1) is presented in detail. 
5.3.4 Comparison with Other Antennas 
There are a number of compound reconfigurable antennas reported with frequency tunability and 
beam-steerability, most of which possess band switching (multiband) characteristics with beam-
steerability [222, 226, 228, 229, 265, 274]. However, tuning the frequency across a band is more 
expedient than switching among predefined bands. This patch parasitic-dipole antenna provides such 
frequency tunability (not switching) for a large frequency tuning range (TR = 44.94%), along with 
beam-steerability within ±30° in both φ = 0° and 90° planes. Thus, compared to the antennas that 
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have frequency tunability, this antenna shows wider TR than [229] (10%) and [232] (25%) and a 
larger beam-scanning range than [226] (±15°), [229] (±20˚), [228] (±30˚) and [232] (±23˚). Moreover, 
it achieves high and stable gain (>8 dBi) across the TR and at all the beam-scanning states. 
5.4 Summary 
This chapter discussed some reconfiguration mechanisms and antenna concepts for wideband 
reconfigurable operation. The concepts, operation principle and design analyses were thoroughly and 
successively presented in the preceding sections. The first designs are single layer and were developed 
with simple reconfiguration schemes aiming to achieve consistent performances at all reconfigurable 
states. The modified tunable antenna features narrowband frequency tuning, dual-band/wideband 
operation and azimuthal beam-scanning. The third antenna was a two-layered structure, dual-
polarised, dual-plane beam-scanning antenna, designed to implement a concept of multiple 
reconfigurability with high gain and consistent performances. Consistency and stability in 
reconfigurable performances are important for the smooth operation of antennas, which are well 
maintained in all these reconfigurable antennas. Each of the presented antennas was studied in 
comparison to state-of-the-art similar reconfigurable/tunable antennas, which validates the 
conceptual development of these antennas and their reconfigurable performances. 
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Chapter 6.  Development of a Tunable Series-Fed Antenna with 
Integrated Multiple Reconfigurability Functions 
 
6.1 Introduction 
The previous chapters dealt with single and multiple reconfigurability functions implemented on 
single-element based reconfigurable antennas. While integrating several reconfiguration techniques 
in a single structure is still challenging in some respects, it becomes more complicated in an array 
configuration. For example, due to the narrow band resonant behaviour of microstrip antennas, a 
frequency reconfigurable antenna array needs to tune both feeding network and the array elements, 
which increases the design complexity. Adding beam-steerability alongside it further complicates the 
array design. Thus, very few works on multi-reconfigurability array antennas have been reported so 
far, which show limited reconfigurability due to their design complexity, and that leads to the few 
numbers of articles on design in the literature [274-276]. 
The final part of this thesis aims to explore an idea of multiple reconfigurability on an array of patch 
antennas. To reduce the complexity of the feeding network, a travelling-wave antenna concept is 
chosen for implementation, with multiple reconfigurability functions. This type of antenna can 
achieve high directivity without need for a complex and expensive feed network as required in the 
phased arrays [196, 274, 277]. Besides, a simple feeding arrangement can be incorporated and 
optimised easily to minimise feeding network loss. As such, due to its inherent beam scanning 
property, the tunable leaky-wave antenna (LWA) concept appears to be an attractive approach in this 
regard. Although several works have been reported using microstrip/travelling-wave array and/or 
phase-shifters, they are mainly focused on achieving beam-steering performance, especially at a fixed 
frequency [198, 275, 276, 278-280]. The frequency reconfiguration alongside beam-scanning in an 
array, which is investigated in this chapter, is still largely overlooked. 
This chapter demonstrates a tunable leaky-wave antenna aiming to achieve two challenging features 
– wideband frequency tuning and beam-scanning at fixed frequency within the tunable band, from 
the same configuration. The design concept, reconfiguration techniques, antenna performances and 
analysis details are discussed successively in the next few sections. Finally, a comparative study with 
other published designs is presented.  
6.2 The Basic Theory, Design Concept and Antenna Configuration 
In a planar leaky-wave antenna, the feeding transmission line works as a guiding structure for signals 
travelling from the excitation terminal to the terminated end. As the signal travels, periodic 
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modulation or discontinuity across the transmission line facilitates energy leakage into the 
surrounding area, and if the leakage energy is properly controlled and guided, the non-radiating 
microstrip mode can be turned into a radiating leaky-mode [277, 281]. By coupling the leakage energy 
with an array of radiating elements across the transmission line, the antenna radiation becomes 
controllable to produce high gain scanning beam. 
Because of the leakage along the propagation length (say, y-axis), the radiation principle of a leaky-
wave antenna is essentially explained by the complex wavenumber in the leaky-mode [282, 283] 
𝑘𝑦 =  𝛽 − 𝑗𝛼      (6.1) 
The leakage rate α is responsible for the radiated power, thus the antenna radiation efficiency is 
(assuming the losses in dielectric and conductor are negligible) 
𝜂𝑟 = 1 −  𝑒
−2𝛼𝐿𝑇 = 1 − 𝑒
−4𝜋 
𝛼
𝑘0
  
𝐿𝑇
𝜆0 .    (6.2) 
On the other hand, the main beam width (Δθ) is determined by the total antenna length LT and the 
maximum beam direction angle θmax (it depends on the phase constant β at the leaky-mode) [281]. 
Δ𝜃 ≈
1
(𝐿𝑇 𝜆0⁄ ) cos 𝜃𝑚𝑎𝑥
     (6.3) 
sin 𝜃𝑚𝑎𝑥 ≈ 𝛽 𝑘0⁄      (6.4) 
With a large leakage rate (α), the effective aperture becomes shorter, so the radiated beam is broader 
than the beam, which results due to a smaller α and a longer effective aperture. In practice, α 
effectively controls 𝜂𝑟 for a fixed aperture length, as approximated by equation (6.2). As the phase 
constant β changes with frequency, so does the beam direction; thus, antenna scans beam with the 
frequency. Therefore, regulating α and β is the crucial part in a leaky-wave antenna to control the 
beam-angle and the beamwidth and they can be optimised by tuning the antenna’s physical attributes. 
Generally, an array configuration requires a feeding network and conveniently adopts one of two 
possible arrangements – a series-feed or a corporate network [198, 284]. The series-feed topology is 
a simple and compact configuration and has less loss from the feeding line itself compared to that of 
a corporate feeding network [285, 286]. Also, series-fed array is more advantageous to utilise the 
progressive phase-shift between array elements when realising the beam-steering feature [276, 287]. 
Inserting a phase-shifter between the array elements can provide phase shifts for beam-scanning; and 
obviously, making the phase shifter tunable gives another degree of freedom to control and tune the 
amount of phase-shift. Thus, the beam-steering of the antenna becomes more easily realisable and 
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controllable. Besides, making the array elements separately tunable eases the way for generating 
frequency tunability. 
6.2.1 Design Concept of the Tunable LWA 
The concept of a series-fed tunable leaky-wave antenna is illustrated in Figure 6.1. As Port1 is excited, 
the wave travels through the long microstrip transmission line (in y-axis) to reach Port2, which is 
usually terminated to avoid reflections from that end. A series of patches (n number of elements), 
distributed across the transmission line, is excited by proximity coupling from the feeding line. The 
leakage energy from the feeding line is progressively coupled with the patches and they radiate the 
coupled energy at the resonance frequency of the patch. Provided with the uniform coupling of the 
elements with the feeding line, the resultant radiated power decays gradually over the antenna length 
(LT). Depending on their coupling, the leakage-rate (α) varies and the radiation characteristics of the 
antenna change.  
 
Figure 6.1: Conceptual presentation of the series-fed tunable LWA; phase-shifters are shown in the 
shaded box; (C1 and C2 are used for phase- and frequency tuning, respectively). 
 
The concept is developed on a planar microstrip structure and the simplified mechanisms are 
summarised here. While frequency-dependent beam-scanning is achieved from the LWA principle, 
the beam direction of the antenna can be controlled by changing the phase-shift between the array 
elements at a fixed frequency. To regulate the phase-shift, a series of tunable phase-shifters (CPS1 to 
CPS(n-1)) across the transmission line (one for each pair of patches, so total number (n-1)) is added. 
Considering the phase-shifters are tuned in a group by C1 (set of varactors), tuning only C1 is required 
to steer the main beam direction. 
For the frequency tunability function, each patch can be designed as a tunable element by variable 
reactive loading at its radiating edges. Earlier, the effect of reactive loading for beam-steering was 
investigated with a periodically loaded microstrip LWA in [278]. However, in this case, as the 
Varactor Group: C1 = CPS1 to CPS(n-1) and C2 = CFT1 to CFTn 
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resonance frequency (fr) depends on the wavenumbers, tuning the reactive load results in changeable 
effective resonant length of well-matched patch antenna; thus, fr becomes tunable. This tunability 
function is achievable by capacitive loading at the patch-edge through open-ended stubs or grounded 
vias, as suggested in [165, 231, 288]. In Figure 6.1, each of the circular patch elements is loaded with 
another set of tunable varactors C2 (CFT1 to CFTn) and grounded through vertical vias at their edges. 
Therefore, the resonance of the patch elements remains tunable by C2, regardless of the beam 
direction. However, the frequency tuning range, TR = [(ftu – ftl)/ftc] × 100%, depends on the 
capacitance tuning ratio (Cmax/Cmin) of the available varactor models. Here, ftu and ftl are the upper 
and lower limits and ftc is the centre frequency of the tunable frequency band. It is reasonable to use 
a varactor with a high capacitance tuning ratio, while small capacitance values are necessary for 
tuning the resonance of patch antennas.  
6.2.2 Tunable Phase-shifter Design 
The important part of the design is to utilise phase-shifters with a moderate phase tuning range and 
lowest possible insertion loss in an array, especially in a series-fed LWA. Because of the progressive 
phase-shifting produced in the series-fed array itself, the required phase shifting range from the phase-
shifter is relaxed compared to a phased-array antenna. In contrast, it is important to maintain very low 
insertion loss and good impedance matching for the phase-shifters to minimise loss in the antenna. 
Towards this, a microstrip-line based analog phase-shifter design is adoptable to minimise the 
insertion losses and achieve continuous beam scanning. Of the two possible configurations, the 
reflection-type phase-shifter (RTPS) offers a larger phase-tuning range and better matching than a 
transmission-line loaded phase-shifter (TLPS) [198, 289].  However, the RTPS introduces more 
losses and occupies most of the limited space between patch-elements, which becomes challenging 
in a series-fed array. However, size miniaturisation can be achieved by using unequal arm length for 
the coupler in an RTPS, although the associated loss with it still remains a critical issue. Therefore, 
the benefits of compactness, simplicity and low loss of TLPS are exploited in this design.  
 
Figure 6.2: Schematic of the transmission-line loaded phase-shifter (TLPS) design. 
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Figure 6.2 shows the schematic of a tunable TLPS configuration, which consists of two variable 
reactive loads (XL, θ2) connected in shunt (π-configuration) with the transmission line section (ZT, 
θ1). The reactive loading sections are grounded via a varactor set C1, which synchronously controls 
the impedance loading on the waves travelling between the ports. Due to the change in the reactive 
loading (XL) by C1, a variable phase-shift (ϕPS) is introduced by the TLPS between the elements, 
though ϕPS is limited by the tuning range of the varactor capacitance. The impedance matching and 
losses are the two general concerns when integrating an array of phase-shifters into the feeding 
network. However, variation in the impedance loading changes the phase-shifter’s self-impedance, 
which reduces the reflections back to the feeding line, thus improving the matching for a large phase-
shifting range [198]. This improved matching is again useful to eliminate any possibilities of phase-
errors in the tuning range [290]. To minimise the loss in the phase-shifter, narrow microstrips are 
loaded on the feeding sections. Then, the phase shifter is optimised to simultaneously obtain wide 
phase-tuning with very low loss within the tuning range of the antenna. 
6.2.3 The Antenna Geometry and Operation Principle 
6.2.3.1 Antenna Design and TLPS Array 
A tunable leaky-wave antenna is designed with an array of tunable patches and tunable microstrip 
(TLPS) phase-shifters. The details of the antenna geometry are shown in Figure 6.3. The single layer 
antenna is realised on a 0.787 mm PCB material (εr = 2.2 and tanδ = 0.009) consisting of a long 
microstrip transmission line (width = wml), a series-fed array of eight (n = 8) circular patch elements 
(radius = Rp) with seven (nPS = n-1) intermediate phase-shifters (TLPS) placed on the top layer and a 
rectangular ground plane (Lg × Wg) located on the bottom layer. The patch element separation or 
periodicity is Lu, which is utilised for the compact design of TLPS devices.  
The circular patches are fed through proximity coupling from the microstrip line (Zm > Z0 = 50 Ω), 
which extends along the series array and carries the waves between the two ends. The proximity 
coupling feeding method is completely coplanar, leads to very well matching and low loss for not 
having any direct contact or electrical connection with the patches. For standard (Z0 = 50 Ω) 
impedance matching at the end terminals, two tapered sections (lt, wt) are designed as an impedance 
transformer. Two ports are used at these ends – one to excite the antenna and the other one is 
terminated to avoid any reflections from that end. The tapered matching provides smooth transition 
and termination, respectively. A small gap, g separates the patch and the microstrip line, and 
determines the coupling strength (thus it controls the leakage rate, α) between the microstrip line and 
the patch elements. 
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Figure 6.3: Detailed configuration of the developed tunable LWA including the bias circuitry. Design 
parameters (unit: mm): Rp = 9, lu = 31, lx = 5, lA = 11, lt = 10, Lg = 248, wx = 1, wA = 0.6, wml = 1.56, 
wt = 2.4, Wg = 65. 
 
The patch elements have uniform periodicity (lu); thus, an in-phase relation is generally maintained, 
which is tuned by the TLPS to provide the phase-shifting required for beam-steering applications. To 
keep the insertion loss at a minimum level, two quarter-wave long microstrip arms are used as tunable 
reactive loading elements (XL) and controlled by C1. The narrow microstrip connecting arms (lA, wA) 
are loaded with two extended sections (lx, wx), which mainly contribute to changing the impedance 
loading and tuning the phase. The narrow lines help to reduce reflections and improve the impedance 
matching across the antenna tuning range. Within the periodicity of lu, there are two λ/4 sections 
before and after each TLPS, which adds up in the total amount of phase-shift to the next element. 
Thus, the total progressive phase shift between two elements is estimated by ϕT = (–2 × π/2 + ϕPS). 
To minimise input reflections from the phase-shifter itself and improve matching, the phase-shifter 
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unit is optimised to fit with the same transmission line (wml) and into the available space between the 
elements. 
On the other side, each of the patch elements is loaded with two ground-shorted small stubs on both 
of its sides along the y-axis. These grounded-stubs eliminate any higher order modes out of the tuning 
range that could possibly be excited with smaller length on the patch radiator. Being on the orthogonal 
orientation of the polarisation of the circular patch, these stubs do not disturb the main purpose of the 
design. Moreover, the stubs are utilised to connect the DC block capacitors (Cf) of the biasing circuit 
used for tuning C2, which tunes the antenna resonance characteristics. The array is realised in such a 
way that only two independently controlled variable DC voltages (Vr1 and Vr2) are needed for tuning 
the whole antenna. Two very thin (0.2 mm) microstrip lines carry the applied reverse voltages at Vr1 
and Vr2 to the phase-shifters and the patch elements, respectively. Because of the parallel connection, 
all the phase-shifters stay at the same biasing condition of Vr1 and similarly the patch elements depend 
on the voltage at Vr2. The varactors C1 and C2 are modelled as MACOM - MA46H120, which has a 
tuning range from 0.149 to 1.304 pF depending on the voltage variation between 0 and 18 V [266]. 
6.2.3.2 Biasing Circuit 
For RF/DC isolation, two RF chokes (Lb = 100 nH) are placed on the narrow DC line of each patch 
element. To eliminate any RF leakage from the phase-shifters, the reverse voltage Vr2 is supplied 
through Rb = 1 MΩ and two RF chokes (Lb = 100 nH) at each of the TLPS elements. The high values 
of Rb and Lb strongly isolate the main radiating elements and the loading section of the TLPS, thus 
the basic operation of the reconfigurable LWA remains stable. This approach eliminates the 
complications of controlling each element individually and matching them at different feeding 
locations. Besides, the proximity coupling provides another advantage of avoiding any impedance 
mismatch which may arise in a direct-contact feeding method due to any loss in previous stages. 
6.2.3.3 Tunable Antenna Operation 
The operation of the antenna follows the principle as explained in 6.2.1. Here, Vr1 and Vr2 are 
separately controlled for tuning the respective series of diodes, C1 and C2. Changing the DC voltage 
of Vr1 gives control over the reactive loading (C1) of the phase-shifters, thus providing tunability of 
the phase difference between two elements; and changing of the phase-constant (β), helps to steer the 
radiation beam direction. For frequency tuning operation, the varactor, C2 at the edge of the circular 
patches, is tuned simultaneously by changing Vr2, when C1 remains fixed at certain value. When C2 
is tuned, the effective length varies as the wavenumber changes in the y-direction; thus the resonant 
frequency of the patch elements is tunable. Since C1 is fixed, the phase difference between the array 
elements is still unchanged, i.e. it works as a frequency scanning leaky-wave antenna in this mode. 
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On the other hand, a fixed value for C2 provides the same resonance frequency (fr) when tuning C1 
for beam-steering operation. Thus, fixed frequency beam-steerability can be achieved from this LWA 
configuration.  
6.3 Main Design Considerations 
6.3.1 Number of Unit Cells (n) 
In an LWA design, the number of elements (n) is generally chosen high for achieving high efficiency 
radiation and high directivity from the antenna. Increasing n lengthens the radiating aperture and the 
travelling wave decays along the length; thus, very little power is available at the terminated end, 
which improves the efficiency.  
   
(a)      (b) 
Figure 6.4: Change in the S21 characteristics for different n = 3 to 16. Effect on the (a) resonance and 
(b) radiation patterns at 5.16 GHz, when C1 = C2 = 0.5 pF. 
 
Figure 6.4 demonstrates the effect on the |S21| and radiation pattern characteristics for different 
numbers of unit cells (n = 3 to 16). The minima in the S21 plots of Figure 6.4(a) indicate the frequency 
where the patch elements are strongly coupled, resonate and radiate while the transmission between 
the ports, |S21| is high at other frequencies. When C2 is tuned between 0.15 and 1.3 pF, the antenna 
resonance is tunable within the range of ftl = 4.34 to ftu = 5.82 GHz. Thus, the frequency tunability is 
preserved in all cases, although |S21| varies noticeably (at 5.82 GHz for C2 = 0.15 pF) with n, as the 
aperture length changes. In each case, the differences in magnitude of S21 at ftl and ftu indicate that the 
amount of transmitted power at ftl is higher than that at ftu, thus the antenna radiation becomes stronger 
and more directive at ftu. As the frequency moves lower, the respective electrical sizes of the patch 
elements gradually decrease, which is a limiting factor for strong radiation at lower frequencies. 
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Figure 6.4(b) shows the radiation patterns at 5.16 GHz (when C2 = 0.5 pF) for n = 3 to 16. It is evident 
that, the beamwidth decreases and the gain increases gradually with increasing n, thus the radiation 
beam becomes more efficient and directive. For example, the gain of the beam with n = 3 is about 4 
dB, which is increased to about 13 dB for n = 16. This can also be understood from equation (6.3), as 
LT increases with n. With increasing n, the available power on the antenna at any given resonance is 
high, but it decays slowly due to the long aperture, and so a small amount of power reaches the 
terminated end (Port2). Thus, the radiation gain and efficiency increase with the number of elements. 
However, to demonstrate the idea of this reconfigurable LWA, n = 8 is chosen for ease of antenna 
fabrication on standard dielectric materials. 
6.3.2 Coupling between the Feed Line and Patches (effect of g) 
The strength of the coupling between the patch elements and the feed line is mainly controlled by the 
gap (g) between them. For strong proximity coupling, a small g is preferred, although the lowest range 
of g is limited by the practical fabrication tolerance. For small g, the patches are excited strongly from 
the feedline due to close proximity, which enhances the antenna efficiency [287]. Again, if the 
coupling is very low (g is very high), the patches will not be properly excited, the amount of leakage 
energy will be low and most of the power will be absorbed at the terminated end. Generally, a small 
g may degrade the impedance matching, while a large value of g improves the matching, but the 
coupling becomes weaker.  
Figure 6.5 shows some analyses of the resonance tuning and radiation characteristics for different gap 
values, considering the matching remains stable across the tuning range. In Figure 6.5(a), the S21 
characteristics vary noticeably with g for the tuning range of C2 between 0.15 and 1.3 pF. Within this 
range, the resonance frequency is tunable from 4.38 to 5.82 GHz.  The dips on the S21 curves are 
resonance points where the travelling energy radiates through the patches, so very little   power is 
transmitted to the terminated end (Port2). The resonance tunability is a function of C2, which is not 
affected by variation of g as long as the patches are strongly coupled with the feedline and radiate. 
The radiation patterns at 4.38 GHz, 4.94 GHz and 5.82 GHz are plotted in Figure 6.5(b)-(d) for C2 = 
0.15 pF, 0.65 pF and 1.3 pF respectively. Since the value g is not varied in a wider range, the effect 
of g is not significantly noticeable in these matching cases. However, the improvement in the side-
lobe levels with increased g is differentiable, while a small g provides slightly higher gain 
comparatively. The coupling i.e. the gap (g), is therefore carefully optimised so that the radiated 
power from the leakage decreases exponentially across the aperture length of the antenna to achieve 
high gain and beam-steering capability. 
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(a) 
   
   
(b)    (c)    (d) 
Figure 6.5: Effects of g on optimising the coupling between patch and microstrip feedline (a) S21 
characteristics for variable g values. Radiation patterns at (b) 4.38 GHz for C2 = 1.3 pF (c) 4.94 GHz 
for C2 = 0.65 pF (d) 5.82 GHz for C2 = 0.15 pF. 
6.3.3 Phase Tuning Range and Insertion Loss 
In order to minimise the additional losses on the antenna, the phase-sifter (TLPS) needs to be tunable 
for a phase-shifting range with lowest possible insertion loss. As discussed in Section 6.2.2, a TLPS 
concept is realised on microstrip technology, as shown in Figure 6.3. While the reactive loading is 
controlled by C1, the extended microstrip sections transfer the load on waves travelling through the 
central connecting line (of the π-configuration); thus lx and wx have significance on phase-tuning (see 
Figure 6.6). The width of the end terminals of each TLPS element must match to the main feeding 
line (wml), thus it remains fixed. However, the narrow-arm width (wA) is a stepped-down transformer 
and adjusted to tune the reactive loading within the TR for an improved phase-shifter design. Figure 
6.6 describes the effects of these three parameters (lx, wx and wA) mainly focusing on the possible 
114 
 
tunable range of 4.3-6.0 GHz when C1 is tuned at 0.15 and 1.3 pF (maximum and minimum 
impedance loading effects). 
 
 
(a) S-parameters for lx    (b) Phase-variation for lx 
 
(c) S-parameters for wx   (d) Phase-variation for wx 
 
(c) S-parameters for wA   (d) Phase-variation for wA 
Figure 6.6: Optimisation of the phase-tuning range and insertion loss of the TLPS. 
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As shown in Figure 6.6(a)-(b), the tunable band varies linearly with lx and the effective bandwidth of 
the frequency range with low insertion loss (|S21| <0.7 dB within the TR) becomes narrow as lx 
increases. For C1 = 0.15 pF, the loss in the upper-half of TR is about |S21| ≈ 0.25 dB (with all lx values) 
and it becomes higher at the lower end of TR (e.g. |S21| = 5 dB for lx = 3 mm, 1.6 dB for lx = 5 mm 
and 0.3 dB for lx = 7 mm at 4.5 GHz). In contrast, for C1 = 1.3 pF, the loss is low (|S21| = 0.3 dB) in 
the lower-half of TR, but increases to 4.5 dB for 7 mm at 6 GHz. Since higher lx lowers the frequency 
range of the tunable band, |S21| increases on the upper-limit of TR and vice-versa, and it increases on 
the lower-limit of TR for lower lx. In addition, the phase-shifting range becomes smaller as lx increases 
(ϕPS = 64° for lx = 3 mm, ϕPS = 48° for lx = 5 mm, and ϕPS = 37° for lx = 7 mm at 5 GHz). Here, |S21| 
must stay low across a given frequency band for both cases of maximum and minimum loading (C1 
= 0.15 and 1.3 pF). Therefore, lx = 5 mm is suitable as it provides low-loss within the tunable range 
in both cases of loading. 
The effect of loading arms’ width (wx) on the loss and impedance matching is comparatively less 
obvious (than lx) for the whole TR except below 5 GHz (for C1 = 0.15 pF), as depicted in Figure 
6.6(c)-(d). Increasing wx shifts the operating band lower while sacrificing the phase-tuning range 
(ϕPS); thus the insertion loss appears low in the lower-limit of TR (below 5 GHz). The selection of wx 
= 0.5 mm gives a slightly higher range of ϕPS, but it shows faster roll-off than that for wx = 1.5 mm 
and 2.5 mm in the insertion loss curves. Thus, wx = 1~1.5 mm is a preferable width for minimising 
loss while achieving a reasonable phase-shifting range. Finally, the effects of the connecting narrow-
arm width (wA) on optimising the loss and phase-tuning range, are found opposing, as shown in Figure 
6.6(e)-(f). To preserve the well matching for the tunable range of C1, the narrow arm width is 
restricted as wA < wx. While the insertion loss remains very low (|S21| < 0.4 dB) in a wide frequency 
range for wA = 0.2 mm, it confines the ϕPS to a small range, e.g. only ϕPS = 35° at 5 GHz. On the other 
hand, the ϕPS increases significantly to 100° for wA = 1.4 mm, though the bandwidth under |S21| < 1 
dB loss consideration, is very limited. The parametric analysis shows that the narrow arms can be 
optimised as 0.4 < wA < 0.8 mm for achieving a large value of ϕPS while keeping very low |S21|. 
6.3.4 Loss and Leakage Rate Analysis 
In the design process of the tunable LWA, three possible loss factors are investigated to achieve high-
efficient performance of the antenna - loss in the array of TLPS, conductor and dielectric loss and 
radiation loss on the patch elements. The loss estimation in each scenario is investigated separately 
by using the multiline method [291], when the respective varactor (C1 for phase-shifter, C2 for patch 
radiator) is tuned at 0.15, 0.65 and 1.3 pF. The attenuation loss (α) and phase constant (β) in these 
different conditions are plotted in Figure 6.7. Figure 6.7(a)-(b) demonstrates the variation of αPS and 
βPS when all other losses are ignored, and the reactive loading on TLPS is tuned with C1. In the band 
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from 4.4 to 5.7 GHz, αPS remains very low for the whole range of C1, between the two cut-offs (αPS) 
at 4.4 GHz (for C1 = 0.15 pF) and 5.7 GHz (for C1 = 1.3 pF). These cut-offs are the limiting frequency 
range for operation of the TLPS phase-tuning. The two extreme limits of variable reactance loading 
(XL) define the low-loss tuning range of the antenna. The phase-tunability of the TLPS can be 
confirmed again by the nearly constant variation of βPS for C1 = 0.15 to 1.3 pF, in the same frequency 
range.  
    
(a) αPS for variable C1     (b) βPS for variable C1 
  
(c) αCD for variable C1     (d) βCD for variable C1  
 
(e) αR for variable C2     (f) βR for variable C2 
Figure 6.7: Analysis of the loss and leakage characteristics of the tunable LWA. 
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Similarly, the conductor and dielectric losses are estimated, including the TLPS array on the feeding 
line on a lossy substrate material. The variations of αCD, βCD are plotted in Figure 6.7(c)-(d) by tuning 
C1. As seen, the plots of αCD, βCD are quite similar to the plots of αPS, βPS in Figure 6.7(a)-(b), due to 
the fact that the conductor and dielectric losses are very small. The operating range is 4.4 to 5.7 GHz, 
as limited by the two cut-offs (high peaks at 4.2 and 6 GHz). Thus, the phase-shifters are the main 
contributors to the present losses in this case. As the phase variation is solely dependent on the phase-
shifter’s tunability, no significant change due to the materials and conductors in the βCD plots is 
encountered. These results can be regarded as similar to the results in Figure 6.6 for maximum and 
minimum loading effects. 
Figure 6.7(e)-(f) depict the last set of analysis of the radiation characteristics when C2 is tuned at 0.15, 
0.65 and 1.3 pF. Since the resonance frequency moves with variable C2, the high leakage rate (αR) 
peaks correspond to the resonant frequency for respective C2: at 4.3 GHz for C2 = 1.3 pF, 4.8 GHz 
for C2 = 0.65 pF and 5.8 GHz for C2 = 0.15 pF. The leakage loss across the tuning range is normally 
low and stable. The phase-shifters are removed in this case; thus, the losses are clearly resulting from 
the radiating patches when they couple the travelling waves from the feeding line, resonate and radiate 
the power. Since only C2 is tuned, there is no phase change and βR remains constant for all C2, which 
can only be tuned by varying C1, as proved in Figure 6.7(b) and (d). Therefore, the flexibility of 
controlling C1 and C2 individually or together can be availed as required for the antenna operation. 
6.4 Frequency Tunable Characteristics of the Antenna 
6.4.1 Tunable Resonance Frequency 
Generally, the beam-scanning characteristics of an LWA is frequency dependent; however, this 
antenna features independent frequency tunability while the TLPS can be tuned to fix the beam 
direction. Therefore, it can be utilised for fixed beam frequency tuning operation. Figure 6.8 shows 
the frequency tuning characteristics of the antenna. The simulated results are plotted for the 
corresponding values of C2 with respect to the reverse voltage (Vr2) used in the measurement. The 
respective values of Vr2 for C2 can be approximated by using equation (5.1). Since the properties of 
a varactor do not vary linearly and it is challenging to tune with precise DC voltage, the slight 
difference between these results is acceptable. For clarity, the simulated (dashed-lines) and measured 
(solid-lines) S-parameters are separately plotted in Figure 6.8(a) and (b), respectively. The antenna is 
very well matched as |S11| < -10 dB across the whole tuning range between 4.2 to 6 GHz, both in 
simulation and measurement. 
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(a) Simulated S11 and S21 plots   (b) Measured S11 and S21 plots 
 
(c) 
Figure 6.8: Frequency tunability of the antenna in terms of the reflection (S11) and transmission (S21) 
characteristics. (a) Simulated S-parameters by varying C2; (b) Measured S-parameters obtained by 
varying Vr2; (c) Tuning range of the antenna. 
 
The simulated frequency tunability concept is supported by the measurement. The variation of S21 
characteristics with respect to the change in Vr2 (or C2) demonstrates the resonant frequency of the 
antenna. When Vr2 is tuned from 0.9 to 17.5 V, C2 varies from approximately 0.92 to 0.15 pF, and 
accordingly the resonance moves between ftl = 4.35 and ftu = 6 GHz; thus the measured TR agrees 
well with the simulation. The results are obtained using a constant phase-relation with Vr1 = 3.5 V or 
C1 = 0.4644 pF. Within the simulated TR, the transmission (|S21|) drops to -7 dB at ftu = 6 GHz and -
3.25 dB at ftl = 4.5 GHz, which is -10 dB at ftu = 6 GHz and -4.6 dB at ftl = 4.35 GHz in the 
measurement. It is possible to improve the S21 characteristics by using much smaller g (if producible), 
thus enhancing the coupling strength. Since the power transmitted to Port2 at ftu is lower than that at 
ftl, the antenna has better directive radiation at higher frequency than at the lower frequency. Figure 
6.8(c) plots the simulated and measured TR curves. The curve with yellow circles utilises the full 
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capacitance range of the varactor (MA46H120) with 0.1 pF linear incremental step, while the 
measured TR is considered for Vr2 = 0.9–17.5 V. The third curve confirms the measurement using 
approximated values of C2 with relative range of Vr2 = 0.9–17.5 V. Ignoring the slight discrepancies, 
the overlapped TR is 28.57%. 
 
(a) Simulated radiation pattterns 
 
 
fr = 5.75 GHz    fr = 5.70 GHz   fr = 5.60 GHz 
 
fr = 5.35 GHz   fr = 5.30 GHz   fr = 4.40 GHz 
 
(b) Measured radiation pattterns (normalised) 
Figure 6.9: Radiation patterns in the frequency tunable operation mode. (a) Simulated patterns with 
change of resonant frequency and (b) measured patterns as fr is tuned by Vr2. 
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The radiation characteristics in the frequency tunable operation mode are shown in Figure 6.9. Due 
to the inherent nature of an LWA, the antenna scans the main beam with resonant frequency. The 
simulated patterns are plotted in Figure 6.9(a) for φ = 90° plane (y-axis) at different frequencies from 
4.4 to 5.8 GHz. As the operation frequency changes, the radiation beam scanning range covers from 
-9° to -54°. The concept of integrating the tunable TLPS is to utilise the phase-tuning to control the 
beam direction at a given frequency within the TR. Figure 6.9(b) depicts the radiation patterns 
measured at some selective frequencies, fr = 4.4 to 5.75 GHz by regulating Vr2 (0 to 8 V), when Vr1 
is fixed at 3.5 V (TLPS in not tuned). The measured beam scanning range covers approximately θ = 
-10° to -49°, which is close to the simulation results. Note also, the measured cross-polarisation 
components are as low as around -20 dB (on average) in the whole tuning range. However, the 
radiation gain gradually drops while fr moves lower, which is relatable since the radiating elements 
become electrically smaller and less efficient radiators (increased cross components at 4.4 GHz). 
Moreover, as noted in Figure 6.8, the transmitted power (to Port2) at ftl is higher than that at ftu; the 
available coupled power is relatively less and reduces the gain. 
 
(a) Measured directivity    (b) Simulated radiation efficiency 
Figure 6.10: (a) LWA directivity when Vr2 is regulated; and (b) its radiation efficiency (dots showing 
η at different resonant frequency). 
 
Similar characteristics are echoed on the measured directivity curves shown in Figure 6.10(a). The 
radiation directivity is measured at fr = 4.4 to 5.75 GHz. The maximum directivity is 14 dB at 5.8 
GHz, whereas it is above 9 dB for the resonances around 4.4 GHz. When fr moves higher, the 
directivity increases gradually since the patches become electrically large. They form an effective 
aperture and produce efficient radiation from it. The directivity variation follows the same trend as 
the simulated radiation efficiency shown in Figure 6.10(a). It radiates with more than 85% efficiency 
above 5.6 GHz, whereas it falls to 30% below 4.9 GHz. Nonetheless, the performance of this 
reconfigurable antenna is easily comparable with other antennas, as discussed in Section 6.6. 
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6.5 Fixed Frequency Beam Scanning 
The next step of the design is to realise the beam steering at a fixed resonance operation of the leaky-
wave antenna. This operation only involves tuning of C1 (Vr1), which provides the required phase-
shifting for beam-steering at a fixed resonance (fr). Note that the varactor group C2 (Vr2) is still free 
to tune the operating frequency (fr) within the tuning range. Figure 6.11 shows the simulated beam-
scanning performances of the antenna when C1 is tuned for beam steering at each frequency that is 
selected by C2. Within the capacitance range of the varactor, the antenna beam can scan: θ = -13° to 
-30° at 5.68 GHz (C2 = 0.2 pF), θ = -21° to -40° at 5.02 GHz (C2 = 0.6 pF), θ = -40° to -50° at 4.58 
GHz (C2 = 1 pF), θ = -45° to -55° at 4.4 GHz (C2 = 1.3 pF). The multifunctional reconfigurable 
performances are attainable from this same antenna configuration. 
   
(a) fr = 5.68 GHz when C2 = 0.2 pF  (b) fr = 5.02 GHz at C2 = 0.6 pF 
  
(c) fr = 4.58 GHz at C2 = 1.0 pF  (d) fr = 4.4 GHz at C2 = 1.3 pF 
Figure 6.11: Simulated beam-scanning performances by tuning the TLPS (C1) when fr is tuned by the 
patch element (C2). 
 
Before the radiation pattern measurement, the phase-tuning capability of the TLPS array is tested by 
regulating Vr1 between the upper (18 V) and lower tuning limits (0 V), while Vr2 varies from 0 to 5.1 
V, and the results are presented in Figure 6.12 (a). Firstly, tuning the patch radiator (C2 or Vr2) does 
not change the phase responses or the phase-tuning range, as it is completely isolated from the phase-
122 
 
shifters, but it still controls fr. Likewise, the phase-tuning (C2 or Vr1) of the TLPS has no adverse 
effect on fr tuning. The measured phase-tuning range is about 175° at the centre of the band (4.94 to 
5.65 GHz) and decreases to 120° (approximately) in the cut-off regions outside this bandwidth, which 
is rational to Figure 6.7(a)-(d). This reduction in the tunable phase-range of TLPS array imposes 
restrictions on the frequency band with beam-steering capability, though the frequency tunability 
extends beyond this band. Note that there is a considerable trade-off when selecting the phase-shifter 
configuration – between the insertion loss and phase-tuning range (as discussed in Section 6.2.2) – 
while fitting within the frequency tuning range of the antenna. Therefore, the beam-steering operation 
for the prototype antenna is tested within the frequency band where the phase-tuning range is 
sufficient to provide beam-steering. 
 
(a) 
 
(b) Simulated S11 and S21 plots   (c) Measured S11 and S21 plots 
Figure 6.12: (a) Measured phase-tuning range of the TLPS series array. The S-parameters obtained 
from (b) simulation by tuning C1 and (c) measurement by changing Vr1. 
To investigate the fixed frequency beam-scanning, the antenna is tuned at a frequency of 5.3 GHz by 
applying Vr2 = 3.5 V, which approximately corresponds to C2 = 0.44 pF.  Then, the TLPS array is 
continuously tuned (variable range: C1 = 0.1525 to 0.889 pF, corresponds to Vr1 = 17.1 to 1.0 V) and 
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the S-parameters are observed. Figure 6.12 (b) and (c) present the simulated and measured S-
parameters (S11 and S21), respectively. For ease of view, they are shown separately. As expected and 
optimised, the measured S11 and S21 closely resemble the simulations. The slight difference between 
them (fr = 5.28 GHz at C2 = 0.44 pF, fr = 5.3 GHz at Vr2 = 3.5 V) can be attributed to the non-linearity 
of the varactor diode’s capacitive reactance and its biasing voltage. Nevertheless, the antenna 
resonance remains unaffected by the TPLS phase-tuning, while the input impedance matching (S11 < 
-10 dB) is very well maintained across the wide frequency band. 
 
Figure 6.13: Radiation patterns in the beam-steering operation mode. (a) Simulated patterns at 5.28 
GHz for C2 = 0.44 pF; and (b) measured patterns showing the beam-scanning range within Vr1 = 0 
and 18 V, while is V
r2
 varied to change the operating frequency. 
Figure 6.13 displays the radiation patterns when the antenna operates in the beam-steering mode. The 
simulated antenna scans the main beam at fr = 5.28 GHz (see Figure 6.13(a)), ranging from θ = -16° 
to -32° for the tuning range of C1 = 0.1525 to 0.889 pF. Tuning fr by C2, the same beam-steering 
principle is applicable to other resonances within the band of 4.94 to 5.65 GHz. However, since the 
phase-tuning range decreases near the cut-off frequencies (as fr moves away), the beam-steering range 
Vr2 = 2.6 V, fr = 5.05 GHz Vr2 = 3.5 V, fr = 5.30 GHz 
V
r2
 = 4.0 V, f
r
 = 5.45 GHz V
r2
 = 8.0 V, f
r
 = 5.75 GHz 
(a) 
(b) 
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is also affected. The measured radiation patterns are plotted in Figure 6.13(b) for different resonances. 
To find the total beam-steering range, the antenna is measured within the minimum and maximum 
range of the varactor (V
r1
 = 0 and 18 V), while V
r2
 is varied to change the operating frequency. In 
this limit, the beam-steering range is around 15° for the resonances 5.05 GHz, 5.30 GHz and 5.45 
GHz. In contrast, due to the limited phase-tuning capability above 5.7 GHz, the beam-steering range 
becomes undistinctive, as shown in the plot for 5.75 GHz in Figure 6.13(b). While this is a limitation 
in fixed frequency beam-scanning operation for resonances near the cut-offs, the antenna performs 
considerably well in the overall scanning range. This proves the validity of the design concept. 
6.6 Comparative Study with Similar Antennas 
Table 6.1 provides a performance comparison of the demonstrated design with other existing LWA 
reconfigurable antennas available in the literature. This work attempts to realise multi-
reconfigurability (frequency and pattern reconfigurability) in a single LWA configuration. 
Realisation of frequency reconfigurability in an LWA is still overlooked, while several LWA designs 
have been reported for fixed frequency beam-scanning only [199, 280, 292]. 
Table 6.1: Comparison of recent reconfigurable leaky-wave antennas 
Reference Operating 
range (GHz) 
FT TR Total beam 
scanning range 
η (%) 
[275] 1.71 ‒ 2.17 No No 90° 50‒73 
[198] 5.722 ‒ 5.848 No No 64° NG 
[280] 6.5 No No 66° NG 
[199] 6 No No 29° 80‒94.7 
[292] 5.5 ‒ 5.8 No No 45° 20 
[293] 4.1 ‒ 6.6 No No 50° 60 
[131] 2.28 ‒ 2.71 No No 66° 88 
This work 4.94 ‒ 5.65* Yes 28.57% 45° 34‒86 
*common bandwidth, FT: frequency tunability, TR: tuning range, NG: not given 
 
Generally, these antennas are focused on the beam-steering by phase-controlling and utilising the 
frequency-dependent beam-scanning properties of the antenna. Thus, the novelty of this work lies in 
integrating multiple reconfigurability functions using an LWA concept, and it is one of the few 
attempts (to my best knowledge) in this research direction. The distinctive features of this antenna 
are frequency tunability in a large range (28.57%) with a reasonable beam-scanning range across 
13.42% bandwidth. The beam-scanning range is due to the limited phase-tuning of the low-loss TLPS 
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array, which is comparable to that of the single function antennas [199, 292]. Realistically, the 
efficiency drops from 86% to 34% at lower frequency due to the increased loss in the internal resistor 
of the varactor, when it is tuned to highest capacitance. Nonetheless, it is higher than the antenna in 
[292] and reasonable compared to other antennas. 
This antenna avoids any direct interaction between the radiating parts and the phase-shifters, unlike 
other antennas in [199, 275, 276, 280, 292], which feature facilitates the design process of individual 
control without disturbing the operation in different modes. The freedom of selecting the frequency 
while scanning the beam, extends the antenna’s functionality to frequency-dependent beam-
scannning, frequency tuning and fixed frequency beam-scanning features. Despite the great 
challenges in controlling the propagation parameters (α and β) smoothly across a wide frequency 
band, this proof of concept demonstrates the possibility of much more functionality.  
6.7 Summary 
This chapter discussed a tunable LWA concept with multiple reconfigurability functions, discussion 
of which is very limited in the literature. It integrates frequency tunability, fixed frequency beam-
steerability and preserves the frequency-beam scanning characteristics. The theory, design process, 
optimisation and analysis of the antenna were presented in detail. A very low-loss tunable phase-
shifter (TLPS) was used to demonstrate the idea of beam-steering, while series-fed tunable patch 
elements were used for frequency tunable operation. The important trade-off factor in the 
reconfigurable LWA design was to minimise the loss associated with phase-shifters and the phase-
tuning range, which should fit within the frequency tuning range. The microstrip TLPS was used to 
demonstrate the idea, which can be designed using tunable materials for decreasing the loss further 
and increasing the phase-tuning range. The fabricated antenna was tested, and it performed well, 
despite some discrepancies observed in the measurement. Finally, the antenna was compared to other 
existing reconfigurable LWA, which served to identify the contributing features achieved in this 
multi-functional tunable LWA design. 
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Chapter 7.  Conclusion and Future Work 
 
7.1 Conclusion of the Thesis 
Wireless communication is an essential entity in this modern world where connectivity, internet, 
audio-visual communication, data transfer etc. are essential parts of daily human life. In the core of 
any communication system, the antenna is a crucial and frontier element for transceiving 
communication signals in the form of electromagnetic radiation. Traditionally, antenna design and 
its performance are optimised for fixed frequency, radiation and polarisation characteristics. 
However, in the last few decades, with the increasing engagement of man-machine-devices, the 
concept of antenna design has been drastically changed. As fixed performance antennas face 
limitations in a changing environment where frequency of operation, radiation pattern or 
polarisation is required to adapt for efficient communication, the concept of antenna reconfiguration 
has opened the door to new possibilities. This research project has been motivated by the necessity 
and scope of using reconfigurable antennas instead of fixed-performance type antennas in many 
existing and future application scenarios.  
Reconfigurable antennas possess some adaptable properties, thus they give more flexibility in 
operation and reduce system space and complexity. Use of reconfigurable antenna is an excellent idea 
to improve system performances and efficiency. To reconfigure or tune any of the three main output 
properties of an antenna (resonance, radiation beam and signal polarisation), various techniques and 
promising design concepts have been proposed in the literature. However, there are some notable 
drawbacks that still remain and which limit the functionality of reconfigurable antennas, these being 
such as large-profile and size, non-uniform reconfigurability, the limitation to the scanning or tuning 
range of pattern reconfigurable antennas, design and control complexity, limited efficiency etc. in 
general. The research goals were accomplished by developing several antenna concepts that aimed to 
achieve uniform reconfigurability and stable antenna performances at all reconfigurable states by 
overcoming the existing limitations. The main contributions of this research can be summarised as 
below. 
1) Development of planar, compact, low-profile and symmetrical reconfigurable antenna 
configurations with single- and multi-reconfigurability functions (frequency reconfigurability 
and/or beam-steerability functions) to achieve high-efficient radiation behaviours by means of 
low-loss, simple and easy to control reconfiguration techniques. 
2) Development and validation of 360° beam-steering antenna concepts with different scanning 
steps. Different techniques for improved impedance matching of centre-fed patch antennas and 
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directivity enhancement, without using additional reflecting structure, were successfully 
implemented in such reconfigurable antennas. 
3) Investigation and realisation of two types of frequency reconfiguration with wideband and narrow 
band antennas. Firstly, the on-demand band-rejection reconfigurability feature was demonstrated 
for the very popular frequency range of UWB applications. Then, the resonance frequency 
tunability was employed in other designs to achieve a large frequency tuning range (TR in %). 
Another interesting and unique feature obtained with a tunable antenna was the adaption of the 
antenna electronically for single-, dual- and wideband operation.  
4) Proposal, design, and validation of antennas integrated with multiple reconfigurability functions 
such as large frequency tuning range and wide range beam-steerability. The contribution of this 
reconfiguration scheme will be practical in reducing numbers of fixed-performance type antennas 
in different communication systems and diversity applications. Furthermore, this will reduce 
system volume, complexity and obviously, cost. 
5) Finally, development of a tunable travelling-wave antenna with a large TR (in %) of the operation 
frequency, and wide beam-scanning range within the TR together with the frequency beam-
scanning characteristics. Generally speaking, integration of several tunable devices in an array, 
phase-controlling between array elements and their individual tuning to achieve multi-
reconfigurability characteristics etc. offers multi-dimensional adversity in this type of antenna. 
By overcoming these challenges, an optimum design was presented which can conceptually 
contribute to advancing and generating many more promising designs of its kind. 
 
The research work performed to achieve these aims have been presented in Chapter 3 to Chapter 6, 
starting with the antenna for single-reconfigurability functions then progressing to developing multi-
reconfigurability functions in the last few designs. A detailed review of the reconfigurable antenna 
design concepts, technology, applications etc. and challenges and current limitations was given in 
Chapter 2. This review study gave an historical introduction on how the concept of antenna 
reconfigurability was developed and progressed to meet different requirements over time. 
Realistically, the initial ideas had to rely mostly on mechanical or physical reconfiguration 
techniques, whereas most of the recent designs are based on electronic switching/tuning elements, 
thanks to the rapid advancement in the semiconductor industry. The recent progress on the 
reconfigurable antennas and different aspects of those antennas were discussed to identify the scope 
of research in this thesis. 
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Chapter 3 presented a frequency band-rejection reconfigurable antenna as the first work of this thesis. 
This work focused on the frequency reconfigurability of an antenna with a very wide operational 
bandwidth that could seamlessly operate in four different modes – full UWB, two single band-
rejection (WiMax/WLAN), and one double band-rejection (WiMAx and WLAN) modes, as required 
by the system. The design process and conceptual circuit analysis gave insight into the reconfiguration 
techniques that ensure comparatively better performances than other similar state-of-the art antennas.  
Chapter 4 was devoted to presenting a 360° beam-steering reconfigurable antenna maintaining 
symmetry of radiation characteristics. The profile miniaturisation, performance consistency among 
the multiple reconfiguration states and stable gain characteristics were the basic criteria while 
designing a reconfigurable antenna. The beam-scanning steps used in the designs were 90°, 45° and 
60°, as sequentially presented in this chapter. The final design featured to overcome the gain 
limitations of the first two designs and it introduced several approaches to achieve size 
miniaturisation, impedance matching, and directivity improvement without using any reflector with 
the antenna.    
Integrated multi-reconfigurability functions were investigated in Chapter 5 using two different 
antenna concepts. Firstly, a wideband pattern-reconfigurable antenna was designed, which then 
improvised as a tunable antenna capable of frequency tuning and azimuthal beam-scanning. This 
antenna has a TR of 24.7% and nearly 360° beam-steerability in the azimuth plane. Moreover, when 
utilising this concept, the antenna can be tuned to operate in single-, dual- and wideband modes. Next 
to that, a tunable patch antenna incorporated with tunable parasitic dipoles was developed for high-
gain beam-steering and frequency tuning performances. The TR of this antenna is about 58%, while 
the gain is more than 8 dBi in the beam-steering range of ±30°, along the φ = 0° and 90° planes. 
In Chapter 6, the tunable leaky-wave antenna was aimed for, to realise multi-reconfigurability 
functions with narrow beam-scanning or scanning a fan beam along the travelling-wave plane. It 
consists of an array of proximity coupled patch antennas combined with a series of tunable phase-
shifters. Individual tuning of the patch-elements and the phase-shifters gives control on the energy 
leakage, coupling between patch and feeding line and the phase-shifting between elements. Compared 
to the existing reconfigurable LWAs targeting beam-scanning or fixed frequency beam-steering, this 
antenna achieves an extra feature of frequency tunability. To minimise losses in the feeding line 
integrated with phase-shifter array, this antenna was implemented using a simple series-fed coupling 
structure and low-loss transmission-line phase-shifter, which ensures a large TR of 28.68% and meets 
the targets of beam-steering within this TR. 
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7.2 Future Work 
Although the research work reported in this thesis addressed some issues in the development of 
reconfigurable antennas and presented some new designs, there are still some avenues to be further 
explored and continued in this line of research. Some of the possible areas for further research are 
suggested as follows: 
1) Bandwidth, Gain, and Efficiency: Most of the reconfigurable antennas are still limited in terms of 
operational bandwidth when they are designed for a pattern or polarisation reconfigurability 
operation, which is a fundamental limitation. In addition, maintaining high gain and efficiency with 
a compact profile antenna are other great challenges. Tunable metamaterials could be investigated for 
achieving very high gain and focused beam with smooth beam-scanning characteristics. However, 
the reconfigurable/tunable metamaterials by nature, may limit the operation bandwidth and introduce 
additional losses in the circuit level. In future, these challenges could be addressed to achieve high 
gain reconfigurable features across a wide frequency band. 
2) Increasing the performance tuning range: It has been identified that, at this stage, the tunable 
bandwidth (frequency range) of the antennas is practically limited by the available tuning elements. 
Taking advantage of future sophisticated circuit elements (e.g. tuning diodes), the frequency tuning 
range of the antennas could be extended further, even without changing the developed antenna 
concepts. 
3) Automated control circuitry: It is possible to replace the analog control of the dc biasing with some 
digital circuitry for automatic controlling of the antenna operation. It would be interesting to integrate 
an on-chip software command-based control circuit with the antenna structure to execute the antenna 
operation as per the reconfiguration conditions. However, care should be taken not to affect the 
original reconfigurability and increase the antenna weight while maintaining low volume of the 
antenna profile. 
4) Reconfigurable antenna array: The reported antenna concepts can be adopted and optimised to 
realise array configurations with embedded wideband tunable microwave circuits to achieve a wide 
range of reconfigurability and diversity functions from one single design.   
5) Future wireless communications and application scenarios: In the near future, with the 
implementation of fifth generation (5G) communication concepts, the wireless industry will face a 
huge demand for reconfigurable antennas for portable devices, interconnected services for IoT 
(internet of things) operation, massive MIMO operation, cognitive radio (CR), device-to-device 
(D2D) communications, diversity applications etc. Reconfigurable antennas could be a very simple 
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solution for standardised devices to integrate upcoming 5G services at upper mm-wave with the 
existing 3G/4G services at microwave frequency ranges. Moreover, reconfigurable antennas on low-
loss flexible materials with tunable properties can open a new prospect for future biomedical 
applications, on-body communications, mobile and wearable devices, and military applications. 
Adapting reconfigurable antennas would ease the operation of multiple services simultaneously, 
provide more functionality and flexibility.  
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